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EXECUTIVE SUMMARY

Total System Performance Assessments are an important component in the evaluation of the
suitability of Yucca Mountain, Nevada as a potential site for a mined geologic repository for the
permanent disposal of high-level radioactive wastes in the United States. The Total System
Performance Assessments are conducted iteratively during site characterization to identify issues
which should be addressed by the characterization and design activities as well as providing input
to regulatory/licensing and programmatic decisions. During fiscal years 1991 and 1992, the first
iteration of Total System Performance Assessment (hereafter referred to as TSPA 1991) was
completed by Sandia National Laboratories and Pacific Northwest Laboratory. Beginning in
fiscal year 1993, the Civilian Radioactive Waste Management System Management and Operating
Contractor was assigned the responsibility to plan, coordinate, and contribute to the second
iteration of Total System Performance Assessment (hereafter referred to as TSPA 1993). This
document presents the objectives, approach, assumptions, input, results, conclusions, and
recommendations associated with the Management and Operating Contractor contribution to
TSPA 1993. A parallel effort was conducted by Sandia National Laboratories and is reported
in Wilson et al. (1994, in press).

The principal objectives of the second iteration of Total System Performance Assessment are to
(1) enhance the realism/ representativeness of the analyses, (2) incorporate new information and
designs that have become available since the completion of TSPA 1991, (3) test the significance
(ie., sensitivity) of various conceptual model and parameter uncertainties on the predictec
performance, and (4) evaluate alternate measures of postclosure performance.

The representativeness of the analyses has been significantly enhanced over that presented in
TSPA 1991 by (1) directly incorporating the thermohydrologic behavior in the near-field
environment, (2) directly incorporating the possible corrosion processes and their thermo-
hydrologic dependence in the determination of the degradation time of the waste package
containers, and (3) the incorporation of a more complete radionuclide inventory that includes
39 radionuclides. The near-field environment used in TSPA 1993 is based on thermohydrologic
analyses conducted at the panel scale in order to evaluate the potential edge effects associated
with unheated portions of the repository due to the presence of main axis drift and associated side
adits, the setback of waste packages from these drifts, and the existence of the lower thermal
output from the defense high-level waste.

The new information incorporated in TSPA 1993 includes (1) revised estimates of radionuclide
solubilities (and their thermal and geochemical dependency), (2) thermal and geochemical
dependency of spent fuel waste alteration and glass dissolution rates, (3) new distribution
coefficient (k,) estimates, (4) revised estimates of gas-phase velocities and travel times, and
(5) revised hydrologic modeling of the saturated zone which provides updated estimates of the
advective flux through the saturated zone. The new designs that have been proposed since the
completion of TSPA 1991 (which focused on the Site Characterization Plan design) include
(1) alternate thermal loads, (2) alternate waste package emplacement designs, and (3) the concept
of multibarrier waste package containers consisting of an outer corrosion-allowance material and
an inner corrosion-resistant material of various thicknesses.
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The alternate conceptual models that have been evaluated in TSPA 1993 include the assumed
criteria affecting the initiation of aqueous corrosion under the possible thermohydrologic
environments in the vicinity of the repository as well as the conceptual model for corrosion itself.

Finally, the alternate postclosure total system performance measures that have been evaluated in
this TSPA 1993 include (1) the normalized cumulative release of radionuclides to the accessible
environment for 10,000 years and (2) the peak individual dose associated with possible releases
for a 1,000,000-year time period. These later analyses were conducted in recognition of the role
that the individual dose performance criterion may play in the National Academy of Science’s
evaluation of the reasonableness/appropriateness of alternate environmental standards that may
be applied to Yucca Mountain (per Section 801 of the Energy Policy Act of 1992 [U.S. Congress,
1992]).

The general approach taken in the Management and Operating Contractor’s contribution to
TSPA 1993 is to (1) abstract primary functional relationships from either the results of detailed
process models (for example, the thermohydrologic analyses) or directly from uncertain parameter
distributions, (2) define the dependence of relevant waste package containment, radionuclide
exposure, waste package release, engineered barrier system release, and geosphere transport
properties on the primary thermohydrologic and geochemical variables, (3) incorporate the
functional relationships and dependencies into the Repository Integration Program, and (4) predict
the performance and the uncertainty associated with the uncertain conceptual models and
parameter values. The Repository Integration Program, developed by Golder Associates Inc., has
been chosen for this assessment because it allows the user to incorporate a sufficient specificity
in the process or process interactions to ensurc that potentially important correlations and
dependencies are included in the analysis. The utility of the Repository Integration Program has
been previously verified in an earlier comparison of it to the analyses conducted in TSPA 1991
(INTERA, 1993).

Numerous comparisons of the predicted results associated with alternate thermal loads, waste
package designs, and conceptual representations of the initiation of aqueous corrosion plus the
corresponding rates of corrosion, are documented in this report. The results may generally be
grouped into those related to releases from the waste package, those related to releases to the
accessible environment, and those associated with peak individual doses at the accessible
environment. For the waste package, results are presented for (1) the expected value radionuclide
releases for 10,000 and 100,000 years, (2) the expected value cumulative normalized release to
the 40 CFR 191 Table 1 values for 10,000 and 100,000 years, (3) complementary cumulative
distribution functions of normalized cumulative releases from the waste package for 10,000 and
100,000 years, and (4) scatter plots of cumulative normalized release vs. pH. For releases from
the geosphere, results are presented for (1) the expected value radionuclide release for 10,000 and
100,000 years, (2) the expected value of the normalized cumulative release for 10,000 and
100,000 years, (3) complementary cumulative distribution functions of the cumulative normalized
gaseous release for 10,000 years, (4) complementary cumulative distribution functions of the
cumulative normalized aqueous release for 10,000 and 100,000 years, and (5) scatter plots
illustrating the sensitivity of cumulative normalized release to the unsaturated zone percolation
flux. For individual peak doses, results are presented for (1) the expected value doses for
1,000,000 years, (2) complementary cumulative distribution functions of the peak dose for
1,000,000 years, and (3) scatter plots of the sensitivity of peak individual dose to the unsaturated
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zone flux, the saturated zone flux, and pH. For each result, comparisons are made to evaluate
the sensitivity of waste package and geosphere releases to alternative thermal loads and waste

package designs.

Based on the Total System Performance Assessment results presented, it is possible to conclude
that, in general, when considering the integrated release from the waste package for 10,000 years
(and the corresponding release to the accessible environment over this time period), the higher
and lower thermal loads, represented by 282 kW/ha (114 kW/acre) and 704 kW/ha
(28.5 kW/acre) respectively, yield slightly lower releases than does the 141 kW/ha (57 kW/acre)
case. In the case of the 282 kW/ha (114 kW/acre) case, this reduction is due to the delay in the
initiation of aqueous corrosion at the higher temperatures/lower water saturations. In the case
of the 70.4 kW/ha (28.5 kW/acre) case, this reduction is due to the lower aqueous corrosion rates
and waste form alteration rates at the lower temperatures. These conclusions are also germane
to the 100,000- year time period, although the differences are not significant given the range of
other uncertainties affecting the results.

As in previous Total System Performance Assessments, the normalized 10,000-year cumulative
releases to the accessible environment are dominated by '“C releases. The "“C release is
controlled by the time of "failure” of the waste package container and therefore is strongly
dependent on the thermohydrologic near-field regime as well as the conceptual representation of
aqueous corrosion and corrosion rates. The integrated aqueous releases to the accessible
environment for 10,000 years are extremely small (less than a 10 percent probability of being
greater than 10 of the 40 CFR 191 Table 1 values), and are also controlled by the time at which
the containment is breached as well as the percolation flux and dispersion in the unsaturated
zone. The dominant aqueous radionuclide released over this time period is *Tc.

The effect of alternative thermal loads on the peak individual dose over a 1,000,000-year time
period is insignificant. This is a direct result of the fact that while the thermal load can cause
differences in expected releases and the corresponding doses over the time period that the thermal
regime is perturbed, at larger time these effects have no impact on the predicted consequences.
However, this conclusion must be prefaced by noting that the long-term "dryout” of the
geosphere expected at very high thermal loads was not evaluated in this study due to a lack of
a sufficient suite of process-level thermohydrologic analyses over a wide range of uncertain
hydrogeologic parameters and boundary conditions. This so-called "extended-dry" concept should
be considered more explicitly in future Total System Performance Assessment iterations.

The result of varying the waste package container thicknesses indicate, as expected, that as the
outer wall thickness is increased, the package lifetime also increased and the corresponding
releases decreased. While the differences between a 10-cm and 20-cm outer mild steel container
are not significant, there is virtually no release for 10,000 years when a 45-cm outer container
is used. This conclusion also is relevant when comparing the releases for a 100,000-year time
period. Again, however, as the time period is increased to 1,000,000 years, even the long-lived
45-cm waste package is predicted to yield equivalent peak doses to the other waste package
designs.

It warrants noting that conclusions regarding the relative advantages or disadvantages of
particular design options based on the present Total System Performance Assessment analyses
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must be qualified by the confidence in the current conceptualization of the system and its
components. As significant uncertainties remain in the understanding of the very-near-field
environment and it’s effect on the initiation and rate of aqueous corrosion, some caution should
be exercised prior to unconditionally accepting the conclusions presented above.

The Total System Performance Assessment analyses conducted as part of TSPA 1993 have
significantly extended the analyses performed in TSPA 1991. However, uncertainties still remain.
As performance assessment is an iterative process, it is important to identify those assumptions
and uncertainties which contribute significantly to the predicted performance so they may be the
focus of continued investigation and analysis. The primary sources of significant uncertainty are
(1) panel- and drift-scale thermohydrologic analyses, (2) initiation and rates of aqueous corrosion
processes, (3) the ambient unsaturated-zone percolation flux, and (4) the conceptual representation
of fracture-matrix interactions. ' '

Additional thermohydrologic analyses are required to evaluate the effect of uncertain and spatially
variable thermohydrologic properties, uncertain fracture-matrix conceptual models, and uncertain
ambient percolation fluxes on the expected far-field, near-field and very-near-field (waste
package-scale) thermal and hydrologic regimes as a function of space and time. Considerable
uncertainty remains regarding the processes affecting the initiation and rate of aqueous corrosion
under the range of possible thermohydrologic environments likely to be encountered under
various thermal loading scenarios at Yucca Mountain. Greater understanding is required of the
cathodic protection of the inner container, the processes affecting the growth of pits, and even
the definition of waste package "failure" in order to provide a more defensible argument for the

range of likely waste package lifetimes.

The ambient unsaturated zone percolation flux remains a very significant parameter in this
iteration of Total System Performance Assessment. Any direct or indirect observations to better
quantify the expected flux value and its uncertainty should be employed. It is foreseen that the
preliminary site-scale unsaturated-zone model, to be completed by the U.S. Geological Survey
in fiscal year 1994, should be the basis for subsequent iterations of Total System Performance
Assessments. In addition, the conceptual understanding of how water moves through the
unsaturated zone at Yucca Mountain needs to be improved before initiating the next Total System
Performance Assessment iteration. In the present iteration, the composite porosity model of
fracture-matrix interaction is used, but additional "testing" is required to determine the relative
significance of alternate conceptualizations.

vii
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1. INTRODUCTION

Yucca Mountain, Nevada, is currently being characterized by the U.S. Department of Energy
(DOE) to determine its suitability as a potential site for a mined geologic repository for the
permanent disposal of high-level radioactive waste. An important component in the
determination of the suitability of the Yucca Mountain site is the ability of the natural and
engineered barriers to contain and isolate the radioactive wastes from the biosphere. The method
used to evaluate the ability of the site and engineered barriers to meet regulatory criteria is
referred to as performance assessment. Although several different criteria may be used to
determine the performance of the site and engineered barriers, generally the evaluations
conducted to date have used the total cumulative radionuclide release for 10,000 years to the
accessible environment normalized to the Table 1 limits specified in the U.S. Environmental
Protection Agency (EPA) Standard (40 CFR Part 191).! Although the EPA standard is no longer
directly applicable to Yucca Mountain, it is a useful measure of total system performance and
can be used as a surrogate performance measure for judging the suitability of the potential
geologic disposal system. In addition, because the NAS committee is evaluating the possibility
of a dose-based standard, the performance of the site and engineered barriers using dose as the
performance measure has also been evaluated.

Total system performance assessment (TSPA) combines the effects of the waste package and
other engineered barriers and the site to determine the release of radionuclides to the accessible
environment due to all significant processes and events. Several evaluations of total system
performance of the Yucca Mountain site have been ‘conducted by a number of different
organizations. These earlier assessments have included the Sandia National Laboratories (SNL)
preliminary evaluations reported in the Environmental Assessment (DOE, 1986), which reported
the results of performance evaluations by Thompson et al. (1984) and Sinnock et al. (1984).
Pacific Northwest Laboratory (PNL) performed a preliminary total system risk assessment in
1988 (Doctor et al., 1992). Independent of the DOE program, the NRC completed Phase 1 of
their Tterative Performance Assessment in 1990 (NRC, 1990). The Electric Power Research
Institute (EPRI) completed a Phase 1 performance assessment in 1990 (McGuire et al., 1990),
and a Phase 2 evaluation in 1992 (McGuire et al., 1992). Recent assessments have been
performed on behalf of the Yucca Mountain Site Characterization Project (YMP). These are
reported in PNL (Eslinger et al., 1993) and SNL (Bamard et al., 1992) documents. These latter
analyses constitute the first iteration of the TSPAs and are referred to as TSPA 1991. Each of
the above analyses has used a different level of detail with which to represent the individual
processes of relevance to the performance of the potential mined geologic disposal system.

'"The EPA Standard promulgated under 40 CFR 191 does not currently apply to Yucca
Mountain as per the language of Section 801 of the Energy Policy Act of 1992. This Act directs
the EPA to contract with the National Academy of Sciences (NAS) to conduct a study to
determine the reasonableness of different types of environmental standards (notably, individual
dose) to protect human health. Based on the NAS recommendations, EPA is to promulgate a
new standard explicitly for Yucca Mountain. The U.S. Nuclear Regulatory Commission (NRC)
would then modify 10 CFR Part 60 to be consistent with the revised EPA Standard.

1-1
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The TSPAs are conducted iteratively during the course of the investigations leading to the license
application. The iterative assessments are used to identify the key issues which should be the
focus of site characterization and design activities. The results of a performance assessment
iteration provide input to regulatory/licensing and programmatic decisions as well as providing
guidance to prioritize site characterization and design activities.

Beginning in fiscal year 1993, the Civilian Radioactive Waste Management System Management
and Operating Contractor (CRWMS M&O) was given the responsibility to plan, coordinate, and
manage the second iteration of TSPA (hereafter referred to as TSPA 1993) for the Yucca
Mountain Site Characterization Project Office (YMPO) of the Office of Civilian Radioactive
Waste Management. The M&O responsibility also includes conducting TSPAs which would
complement the analyses being performed by other participants (principally SNL with support
from Lawrence Livermore National Laboratory (LLNL) in the area of waste package
performance). This document presents the objectives, approach, assumptions, input, results,
conclusions, and recommendations associated with the M&O TSPA 1993.

1.1 OBJECTIVES

The primary objectives of TSPA 1993 have been derived after a review of the programmatic
needs for TSPA and the assumptions incorporated in TSPA 1991. The aim of any assessment
of total system performance is to either (1) enhance the realism/representativeness of the
analyses, (2) incorporate new information or designs into the analyses, (3) test the
impact/importance (i.e., sensitivity) of certain assumptions on the behavior of the system, or
(4) evaluate alternative measures of performance or safety. In the case of TSPA 1993, all of the
above general objectives apply.

In TSPA 1991, while it was recognized that the thermohydrologic environment in the vicinity of
the waste packages and repository would be perturbed following waste emplacement, the
thermohydrologic regime was not incorporated into the analyses except as an assumed delay time
related to the "rewetting" of the repository. This "rewetting" was assumed to start at 300 years
following emplacement and continue with a uniform distribution for 1,000 years so that all those
waste packages that were going to come in contact with liquid water were "rewet” at 1,300 years
after emplacement. Similarly, the container lifetime incorporated in TSPA 1991 was an assumed
log-uniform distribution between 500 and 10,000 years after the repository was "rewet”. Both
of these assumptions were required due to the paucity of thermohydrologic analyses and
corrosion rate information.

The TSPA 1993 analyses presented in this document directly incorporate the expected
dependency of several processes and parameters on the thermohydrologic regime. In particular,
detailed thermohydrologic analyses are used to determine the temperature, aqueous flux, gaseous
flux, and liquid saturation in the vicinity of the repository under a number of possible thermal
loads. These primary results are then used to modify the radionuclide exposure, engineered
barrier system (EBS) release, and geosphere transport properties that affect the radionuclide
release to the accessible environment. In addition, TSPA 1993 directly incorporates the corrosion
(both general and pitting) of the waste package’s corrosion allowance outer barrier and corrosion
resistant inner barrier in determining the expected time to "failure" of the waste package. The
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direct inclusion of thermally-dependent processes and parameters, and the corrosion of the waste
package, is a significant advancement over the simplifications required in TSPA 1991.

The analyses of aqueous releases presented in TSPA 1991 utilized a radionuclide inventory that
was limited to the radionuclides believed to contribute most significantly to the normalized
cumulative release over 10,000 years (with the normalization being to the Table 1 values in
40 CFR 191). The present TSPA 1993 greatly expands the inventory to include all radionuclides
(and their parents) which may potentially contribute to the peak individual dose over a time
period up to one million years. In addition, TSPA 1993 considers the inventory associated with
spent fuel from commercial nuclear reactors as well as defense high-level radioactive waste. A
defense waste inventory component was not considered in the SNL analyses in TSPA 1991, but
was considered in the PNL analyses (Eslinger et al., 1993).

Since the completion of TSPA 1991, significant new information has been collected and new
designs have been proposed which change some of the fundamental premises of the earlier
analyses. In particular, laboratory measurements of radionuclide solubility and retardation over
a range of likely environmental conditions (namely, temperature and geochemistry) have been
generated by scientists at Los Alamos National Laboratory (Los Alamos). In addition, thermally
dependent waste form alteration and glass dissolution rates are available from studies conducted
at LLNL and PNL. The design of the repository (with special emphasis on the thermal load),
the mode of waste package emplacement (vertical in borehole vs. horizontal in drift), and the
waste package design (varying thicknesses of an outer corrosion-allowance material such as mild
steel surrounding varying thicknesses of an inner corrosion-resistant material such as Alloy 825)
have all undergone changes since the completion of TSPA 1991. The earlier analyses
concentrated on the Site Characterization Plan (SCP) thermal load (nominally 141 kW/ha or
57 kW/acre), waste emplacement mode (vertical in borehole) and waste package design (thin
corrosion resistant material). Although the proposed designs are not fixed, an important role of
performance assessment in general and the TSPAs in particular is to assess the
advantages/disadvantages of the different proposed designs from a postclosure perforrmance
perspective.  As a result, TSPA 1993 incorporates alternate designs and investigates the
sensitivity of the releases to the accessible environment to these alternate designs.

An important goal of any assessment of performance must be an evaluation of the impact of
certain assumptions on the expected behavior of the system being modeled. The results may be
sensitive to certain components, processes, Or parameters used to describe the subsystem
behavior. Identifying the important processes and parameters can be useful in assisting the
project in focussing resources on those areas that contribute most significantly to the overall
performance. As a result, analyses conducted as part of TSPA 1993 aim to identify the key
assumptions and the sensitivity of the resuits to these assumptions.

Since the completion of TSPA 1991, the total system postclosure performance measure applicable
to Yucca Mountain has been questioned by Section 801 of the Energy Policy Act of 1992.
Previously, the principal postclosure performance measure was the cumulative normalized release
integrated over 10,000 years (referred to as the EPA sum). Section 801 calls for the NAS to
evaluate the reasonableness/appropriateness of alternate environmental standards to assure the
protection of the public if a nuclear waste repository is located at Yucca Mountain. In particular,
the NAS is to evaluate the potential use of a dose-based standard to protect the public from
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future radiation exposure. Although it is impossible to prejudge the outcome of the NAS
committee convened to address this issue (as well as how EPA may decide to implement the
recommendations of the NAS committee), it does seem prudent to quantify the expected doses
associated with a potential repository at Yucca Mountain. As a result, TSPA 1993 considers both
the cumulative normalized radionuclide release at the accessible environment and the peak
individual dose as relevant performance measures. The peak dose is the highest dose the
maximally exposed individual may receive within one million years following repository closure.
In addition, because the time period of regulatory concem is also uncertain, the analyses to
incorporate the arrival of the most significant radionuclide peaks (which can occur several tens
to hundreds of thousands of years after closure depending on the package lifetimes and water
travel times) have been extended.

In summary, the major objectives of the current TSPA 1993 iteration are to:
1. Incorporate thermal dependency on individual processes and parameters,
2. Evaluate the effects of altemnate thermal loads,
3. Evaluate the effects of alternate waste package designs,
4. Evaluate alternate measures of total system performance,
5. Incorporate new site and design information,
6. Incorporate a more representative inventory including high-level waste (HLW),

7. Conduct sensiﬁvity analyses to identify the key processes and parameters affecting
postclosure performance, and

8. Provide guidance to site characterization and design activities.

In addition to defining the enhancements/modifications in this M&O contribution to TSPA 1993,
it is useful to identify those aspects that are different from either TSPA 1991 or the SNL
contribution to TSPA 1993. Due to limited resources and the desire to minimize duplication, the
TSPA 1993 analyses presented in this document do not consider the possible effects of disruptive
events such as human intrusion, volcanic intrusion (whether direct release effects or indirect
effects), and tectonism. These processes and their potential impact on postclosure performance
are discussed in TSPA 1991 (Barnard et al., 1992; Eslinger et al., 1993). The SNL contribution
to TSPA 1993 does incorporate analyses of some disruptive events (see Wilson et al., 1994, in
press). While it is acknowledged that a complete TSPA must include all reasonable scenarios
which could contribute to the release of radionuclides to the accessible environment, our attention
is focused on the site- and design-related effects on the expected release rather than the externally
initiated releases that are much more dependent on the assumptions regarding the probability of
occurrence and geometric descriptions of the event. The reader interested in the direct releases
associated with these disruptive scenarios is referred to Bamnard et al. (1992), Eslinger et al.

(1993), and Wilson et al. (1994, in press).
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12 APPROACH

The general approach taken in this TSPA 1993 to evaluate the postclosure performance of a
potential repository at Yucca Mountain, is to (1) abstract primary functional relationships either
indirectly from results obtained from detailed process models, or directly from uncertain
parameter distributions; (2) define the dependence of relevant radionuclide exposure, EBS release,
and geosphere transport properties on the primary thermohydrologic regime; and (3) incorporate
the functional relationships and dependencies into the Repository Integration Program (RIP). The
RIP is a performance assessment and site characterization strategy evaluation program developed
by Golder Associates Inc. (Golder Associates Inc., 1993). The RIP is a TSPA model that uses
the Monte Carlo method to propagate uncertainty in parameters and processes to produce
probabilistic predictions of the repository performance. The RIP is not a model in the normal
sense of the word in that it does not explain the behavior of the system or its components, but
instead attempts to describe the behavior by incorporating as many of the system dependencies
as the user chooses to specify. To a certain extent, the RIP program is similar to a spreadsheet
calculation which tracks the movement of mass from a source to a receptor. The theory and
capability of RIP are described in Miller et al. (1993, in press). A user’s guide for RIP has been
published by Kossik and Hachey (1993). An example application of RIP to the Yucca Mountain
potential repository site is presented in Golder Associates Inc. (1993). A comparative evaluation
of RIP-generated results with those generated in TSPA 1991 has been documented in INTERA
Inc. (1993).

The RIP has been chosen for this assessment because it allows the user to incorporate sufficient
specificity in the process or process interactions to ensure that potentially important correlations
and dependencies are included in the analysis. The user may specify the relevant parameters
describing the behavior of each of the major components of the waste disposal system (i.e., the
waste package, the EBS, the geosphere, the biosphere, and externally initiated events and
processes). In Section 1.3 a brief description of how RIP was implemented in TSPA 1993 is
presented.

Because RIP does not explicitly explain the behavior of any component or process incorporated
in the representation of the total system, it requires significant abstraction from a variety of
sources. In the present application of RIP in TSPA 1993, the following sources have been used
to derive input values.

TOPIC REFERENCE
Hydrothermal regime
- Panel scale flux, temperature, water saturation See Appendix A
- Waste package scale temperature See Appendix B
Radionuclide inventory See Appendix C
Waste stream See Appendix D

See Appendix E (Stahl, 1993)
See Appendix F (Lamont, 1993)
Spent fuel alteration rates Gray (1993)
HLW Glass dissolution rates Bourcier (1993)

Oxidation/aqueous corrosion rates
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TOPIC REFERENCE
Radionuclide solubilities See Appendix G (Triay, 1993)
Diffusion coefficients Conca (1990)
Radionuclide distribution coefficients See Appendix H (Meijer, 1993)
Gaseous flux See Appendix I (Ross, 1993)
Saturated Zone velocity Barr, personal communication (1993)
(see also Wilson et al., 1994, in press)
Percolation flux Wilson, personal communication (1993)

(see also Wilson et al., 1994, in press)

Because one of the primary objectives of this iteration of TSPA is to evaluate alternate designs,
analyses at a range of thermal loads (70.4, 141, and 282 kW/ha, or 28.5, 57, and 114 kW/acre),
with a range of outer corrosion-allowance material thicknesses (10, 20, and 45 cm), and a range
of inner corrosion-resistant material thicknesses (0.95 and 3.5 cm) have been conducted. The
results of both radionuclide release and dose calculations are presented.

1.3 GENERAL DESCRIPTION OF THE REPOSITORY INTEGRATION PROGRAM

The general structure of RIP consists of a front-end, a back-end, and a post-processor. The front-
end is where the user defines and samples the parameter values and functional relationships using
a Monte-Carlo type sampling algorithm. Each sampling represents a realization, a description
of a possible state of the system. The back-end is where the actual computation occurs. The
back-end is run for each sampled realization created by the front-end. The RIP also has the
capability to run only the expected value realization, in which case the expected value from each
probabilistic distribution is used as input to the back-end. The post-processor is used to display
the results and conduct simple sensitivity analyses. The results may be presented as time history
plots in which the temporal response of the dependent variable (whether release or dose) is
plotted, complementary cumulative distribution functions (CCDF), or sensitivity analyses
consisting of either one- or two-dimensional scatter plots or simple parameter correlations.

The computational part of RIP consists of four primary components: the waste package/EBS
radionuclide release module, the geosphere radionuclide transport module, the biosphere transport
and dose module, and the disruptive events module. The first three modules are briefly described
in the following sections. Because no disruptive events have been implemented in this
TSPA 1993, the interested reader is referred to Miller et al. (1993, in press) for a discussion of
how RIP may be used to treat scenarios.

1.3.1 Waste Package/Engineered Barrier System Radionuclide Release Module

The waste package/EBS component of RIP can be used to describe several processes which, if
they occur, could lead to radionuclide release to the geosphere. These processes include
container degradation and "failure”, the exposure of the rapid-release fraction of the inventory,
the alteration/dissolution of the waste form causing the exposure of the bound portion of the
radionuclide inventory, and the mass transfer of radionuclides from the waste package through
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the EBS to the host rock. Each of these processes may be dependent on the near-field
environment; in particular the thermal, hydrologic, and geochemical conditions in the vicinity of
the waste package. Many of these dependencies are incorporated in this iteration of TSPA 1993.

Container degradation or "failure" is a function of the time it takes for aqueous corrosion
processes to be initiated as well as the corrosion rates (both general and pitting) once corrosion
has started. [Note: For most temperatures, dry oxidation of the container walls is extremely slow
(see Appendices E and F) and can reasonably be neglected. However, it is conceivable that
certain backfill designs might result in extremely high temperatures which could necessitate the
inclusion of dry oxidation degradation processes (Ryder, personal communication, 1993; see also
Wilson et al., 1994, in press, and Appendix B).] The time at which aqueous corrosion is initiated
is dependent on the thermal load, as a result of the "drying" effect of the thermal regime. The
factors affecting the initiation of aqueous corrosion under varying humidity and temperature
conditions are complex and uncertain (McCright, 1993). To address this uncertainty, two
different criteria for the initiation of aqueous corrosion, based on either the degree of water
saturation or temperature have been considered. The corrosion rates are also uncertain and
variable. Two alternate conceptualizations of the corrosion rates based on the assumptions
described by either Stahl (see Appendix E) or Lamont (sce Appendix F) have been considered.
In general the time to "failure" of the mild steel outer wall is a function of the corrosion rate and
the thickness of the outer wall. The corrosion rate in turn is a function of temperature and time,
with the temporal dependency reflecting the possible build-up of an external rind which tends to
slow the corrosion process. The time to "failure” of the Alloy 825 inner wall is a function of the
corrosion rate (which is uncertain and variable from waste package to waste package),
temperature, and the thickness of the inner wall. For all analyses, it is conservatively assumed
the cladding has "failed" congruently with the inner container wall.

Once the waste package and cladding have been breached, the radionuclide inventory is exposed.
The RIP allows three inventories to be specified: a free inventory that is released instantaneously
once the primary container fails, a gap inventory that is released instantaneously once the
secondary container (i.e., cladding) fails, and a matrix or bound inventory that is released as the
waste form is altered and dissolved. Because the inner wall of the waste package and the
cladding are assumed to fail congruently in TSPA 1993, only a prompt release inventory (to
represent the sum of the free and gap inventories) and the matrix inventory have been used.

The exposure of bound radionuclides in the spent fuel or glass matrix is a function of the
alteration rate. In TSPA 1993, the alteration rate (represented by the fraction of the bound
inventory available for release in a given time period) is a function of the normalized dissolution
rate and the total normalized surface area of the spent fuel or glass matrix. The normalized
dissolution rate (in gm/m’yr) is a function of temperature and dissolved carbonate content. The
total normalized surface area (in mzlgm) is assumed to be a constant for each realization (i.e., the
potential dependency of temperature on the effective surface area is not considered).

Once radionuclides have been dissolved, they may be transferred to the host rock by advective
or diffusive transport. [Note: Gaseous radionuclides are released instantaneously once they are
exposed, whether they are part of the prompt release or bound inventory.] Aqueous phase
advective releases are a function of the dissolved radionuclide concentration in contact with the
waste and the flux past each waste package. Aqueous phase diffusive releases are a function of
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the effective diffusion coefficient, a geometric factor for steady-state diffusion (see Chambré
et al., 1985), and the dissolved radionuclide concentration. The radionuclide concentration will
be controlled by either the elemental solubility or the exposed but unreleased radionuclide mass
divided by the water volume in contact with the waste matrix. The individual radionuclide
solubility is determined by the mass fraction of each radionuclide of a particular element which
varies with time due to ingrowth and decay. In TSPA 1993, elemental solubilities are a function
of temperature and, in some cases, pH. In TSPA 1993, the aqueous flux is controlled by the
applied thermal load, while the effective diffusion coefficient is a function of the water content
(after Conca, 1990) which in tum is a function of the thermal load and the ambient water

saturation and percolation flux.

132 Geosphere Radionuclide Transport Module

The RIP incorporates a simplified description of radionuclide transport through the geosphere.
The geosphere may be “discretized” into multiple legs or pathways that may be combined in
parallel or in series. These pathways may be specified to represent different flow regimes (i.c.,
aqueous or gaseous flow), different flow domains (i.c., the saturated or unsaturated zone), or
different cross sections of the repository. In TSPA 1993, both gaseous and aqueous flow and
radionuclide transport are considered, with the aqueous phase being divided into the unsaturated
and saturated zones. The unsaturated zone has been divided into nine columns corresponding to
nine panels of the repository. Each column has been divided into five or six pathways based on
the inferred hydrostratigraphy at the centroid of each column. The hydrostratigraphic unit
thicknesses were based on U.S. Geological Survey (USGS) cross sections through Yucca
Mountain (USGS, 1993).

The RIP allows for different flow modes to be assigned to each pathway. A single-flow mode
may be used to represent an equivalent continuum porous medium and a multiple-mode pathway
may be used to approximate varying degrees of fracture-matrix coupling in a dual-porosity, dual-
permeability medium. For single-mode pathways, RIP uses an analytical solution to the one-
dimensional advective-dispersion equation. For multiple-mode pathways, RIP uses a modified
Markovian solution algorithm to predict the transition of mass between the modes. In
TSPA 1993, the rate of water imbibition into the matrix and/or the rate of radionuclide diffusion
into the matrix exceeds the rate of fracture transport has been assumed; therefore, radionuclide
transport is matrix-dominated. As a result, only the single-mode equivalent continuum
approximation to describe the transport in the geosphere has been used. The possible effect of
assuming varying degrees of fracture-matrix coupling have been investigated in the earlier
application of RIP to the TSPA 1991 data set (INTERA, 1993).

In TSPA 1993, the retarded travel time of “C from the repository to the accessible environment
(i.e., the surface) has been derived from analyses conducted by Ross (1993) (see Appendix I and
Wilson et al., 1994, in press). These analyses are based on first predicting the gaseous phase
temporal and spatial velocity at Yucca Mountain due to the application of a 141 kW/ha
(57 kW/acre) thermal load. This velocity field is then used to predict the arrival times for
retarded “C particles released at 1,000 year time increments from 1,000 to 18,000 years
following repository closure to reach the accessible environment (with the retardation being

temperature dependent).
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The unsaturated-zone aqueous transport employed in TSPA 1993 has used hydrologic and
transport properties derived from either TSPA 1991 or more recent information. The ambient
unsaturated zone aqueous flux used in TSPA 1993 is the same as that employed by SNL in their
TSPA 1993 analyses (i.c., an exponential distribution with an expected value of 0.5 mm/yr), with
the exception that (a) the percolation flux when the saturated matrix hydraulic conductivity is less
than the percolation flux has not been reduced, and (b) a linearly increasing/decreasing flux to
approximate the effects of possible climate changes has been considered, while the SNL
contribution to TSPA 1993 uses a step-function change in flux when the climate change is
inferred to occur. Possible thermal perturbations to the unsaturated-zone agueous flux are not
considered in this TSPA iteration. That is, it is assumed that once radionuclides are released
from the EBS, they are transported through the geosphere at a rate proportional to the ambient
percolation flux.

Radionuclide transport in the saturated zone is also assumed to be represented by an equivalent
continuum in TSPA 1993. The interstitial velocity distribution has been based on recent process
modeling reported by Barr (1993) (see Wilson et al,, 1994, in press). Other transport propertics
(namely distribution coefficients), were obtained through expert elicitations of YMP scientists at
Los Alamos (see Appendix H).

1.3.3 Biosphere Transport and Dose Module

Recent modifications to RIP, since the release of Version 3.0, described in Kossik and Hachey
(1993), allow for dose to be predicted. In general, RIP tracks the mass of each individual
radionuclide through the system to the accessible environment. This mass is then converted to
activity prior to post processing (such as determining the cumulative activity released over a
certain time period and normalizing the cumulative activity released by the Table 1 values in
40 CFR 191 for comparison to the EPA limit). In the biosphere transport module of RIP, the
radionuclide mass released in each time step is transferred to a mixing cell where it is diluted
with the assumed lateral flow through the aquifer. The mixing cell is considered to be large
enough to capture the entire radionuclide plume. Water from the mixing cell is assumed to be
available for consumption as drinking water or for other household or farming uses. The
radionuclide concentrations of the water extracted from the mixing cell are converted to doses
using published dose conversion factors such as those presented by PNL in TSPA 1991 (Eslinger
et al., 1993) or by the Waste Isolation Systems Panel (NAS, 1983).

The volumetric flux in the aquifer with which any radionuclides released from the unsaturated
zone will be diluted is a function of the Darcy flux through the saturated zone as well as the
cross-sectional area perpendicular to the flow. The cross-sectional area may be a function of the
horizontal and vertical dispersion of the radionuclide plume and/or the capacity of the well used
to pump the water to the surface. For TSPA 1993, the horizontal Darcy flux has been based on
the results of Barr (1993) (see Wilson et al., 1994, in press). A cross-sectional area of
2.0 x 10° m* which is based on a plume width of 4000 m and thickness of 50 m has been
assumed. The assumed thickness is the mid-point of the range analyzed by SNL in their
contribution to TSPA 1993 (Wilson et al., 1994, in press).
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1.4 RELATED TSPA 1993 ANALYSES

Both the M&O and SNL have conducted TSPA analyses in the current iteration. The M&O
approach, assumptions, results, conclusions, and recommendations are presented in this document.
The SNL approach, assumptions, results, conclusions, and recommendations are presented in
Wilson et al. (1994, in press). The aim is to combine the two organizations’ documents into a
single YMPO report that could then be reviewed by external organizations (such as the
Performance Assessment Advisory Group of the Paris-based Organization for Economic
Cooperation and Development’s Nuclear Energy Agency [OECD/NEA]).

All analyses of total system performance are, by their very nature, abstractions or "roll-ups" from
more detailed physically-based representations of the relevant processes and parameters affecting
radionuclide release to the accessible environment and ultimately the biosphere. Both the work
reported on in this document as well as that described in Wilson et al. (1994, in press) have
relied on input from process-level understanding generated by data interpretation and detailed
modeling conducted by other participants, including LLNL, Los Alamos, the USGS, SNL, and

the M&O.

The TSPA software being used by the M&O and SNL are essentially shells into which varying
Jevels of detail can be placed. The level of detail depends more on the overall objectives of the
analyses, the desired computational efficiency, and the assumptions deemed relevant by the
analysts, than on the software itself. In general, RIP simplifies the individual processes
incorporated in the assessment so they can be represented by analytical expressions and relies on
functionally-dependent relationships developed from more detailed models or information. As
a result, RIP has a lot of flexibility to evaluate the effects of parameter dependencies and
alternate parameter distributions on cumulative release or other performance measures. The Total
System Analyzer/Yucca Mountain Integrating Model software used in the SNL analyses also uses
simplified representations of individual processes. However, these representations differ from
RIP in that they can use numerical solution techniques. This can allow an increased level of
detail, if the analyst so desires, at the expense of increased computational time and decreased
flexibility to address parameter dependencies and correlations.

Although the M&O and SNL are using two different computational tools for assessing the total
system performance, the primary difference in the two approaches is the level of detail
incorporated in the abstraction from the process models. This difference between the two sets
of analyses is embodied in the assumptions made by both organizations as to what and how
process-level understanding is abstracted. The assumptions made in the two sets of analyses are
much more important to the results than is the computational scheme embodied in the codes
being used. No decision has been made as to which approach (or both) will be used for future

TSPA:s.

1.5 ORGANIZATION OF THIS REPORT
Following this introductory section in which the overall objcctives and general approach followed

in TSPA 1993 are described, the assumptions, input, and results of our TSPA 1993 analyses are
presented. Our presentation has been divided into a discussion of the waste package/EBS
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performance (i.e., the source term for geosphere transport) in Chapter 2 and the geosphere
performance in Chapter 3.

Within the waste package/EBS chapter (Chapter 2) a conceptual description and input parameter
values for the radionuclide inventory, the container “failure”, the mobilization of the
radionuclides, and the transport of radionuclides to the host rock are presented. For a number
of different alternative designs and assumptions regarding the initiation and rate of aqueous
corrosion, the following is presented (1) the expected value radionuclide release time history over
10,000 and 100,000 years, (2) the expected value cumulative release normalized to the 40 CFR
191 Table 1 values over 10,000 and 100,000 years, (3) CCDFs of normalized cumulative releases
from the waste package over 10,000, and 100,000 years, and (4) scatter plots of cumulative
normalized release vs. pH (due to the effect of pH on radionuclide solubility). The principal aim
of these comparisons is to evaluate the sensitivity of the waste package releases to different
thermal loads, waste package designs, and conceptual representations of corrosion initiation and
rates in a spatially and temporally variable thermal regime.

Within the geosphere chapter (Chapter 3), conceptual descriptions and input parameter values for
gaseous phase transport, aqueous phase transport in the unsaturated zone, and transport in the
saturated zone and the biosphere are presented. For a number of different thermal loads and
waste package designs the following are presented (1) the expected value time history of
radionuclide release to the accessible environment over 10,000 and 100,000 years, (2) the
expected value of the cumulative release to the accessible environment normalized to the 40 CFR
191 Table 1 values over 10,000 and 100,000 years, (3) CCDFs of the cumulative normalized
gaseous release over 10,000 years, (4) CCDFs of the cumulative normalized aqueous release over
10,000 and 100,000 years, (5) the expected value time history of dose over 1,000,000 years,
(6) CCDFs of the peak dose over 1,000,000 years, (7) scatter plots illustrating the sensitivity of
cumulative normalized release to the unsaturated zone percolation flux, and (8) scatter plots of
the sensitivity of peak individual dose to the unsaturated zone flux, the saturated zone flux, and
pH. The principal aim of these comparisons is to evaluate the sensitivity of geosphere releases
to alternative thermal loads and waste package designs as well as to evaluate alternate measures
of postclosure total system performance.

Following the presentation of the materials and results in Chapters 2 and 3, the results are
summarized and relevant conclusions and recommendations are made for additional analyses
and/or information that should be acquired by the site characterization and design activities that
would assist in increasing the certainty/robustness of the performance predictions (Chapter 4).
To a limited extent, TSPA 1993 results are compared with those presented in TSPA 1991 to
highlight the improvements in the conceptualizations employed in this iteration. Information
needs that would be important prior to initiating the next total system performance iteration are
also identified.
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2. WASTE PACKAGE/ENGINEERED BARRIER SYSTEM

The waste package and EBS analyzed in TSPA 1993 is described in this section. The waste
package is the waste form, either spent nuclear fuel or vitrified high-level waste, and the primary
and secondary metallic barriers that contain it. The EBS is the waste package and the engineered
setting into which it has been emplaced. The EBS may consist of the drifts or of vertical
boreholes. The EBS may have an air gap between the waste package and the host rock, or may
have a backfill engineered to have certain hydrologic and/or geochemical properties. When EBS
is used herein, it may refer to an emplaced waste package, an ensemble of emplaced waste
packages, or all emplaced waste packages.

The analysis of waste package and EBS covered several designs and included several different
conceptualizations of container failure. A summary of the analysis variations (design and
conceptualization) is presented in Table 2-1. Note the labeling convention established in
Table 2-1 for each of the cases (right hand column). Three thermal loads were considered: 70.4,
141, and 282 kW/ha (28.5, 57, and 114 kW/acre). The waste packages were assumed to be
located in the excavated drift with no backfill. Three different outer container or overpack
thicknesses were considered: 10, 20, and 45 cm. For the 141 and 282 kW/ha (57 and
114 kW/acre) cases, two different inner container thicknesses were considered: 0.95 cm and
3.5 cm. For the 70.4 kW/ha (28.5 kW/acre), only the 0.95-cm case was analyzed.

Four distinct failure conceptualizations were also evaluated. The conceptualizations are different
in two primary areas: (1) definition of when aqueous corrosion of the containers begins, and
(2) overall waste package failure model (Stahl (1993, Appendix E) or Lamont (1993,
Appendix F)). These differences are described in detail in Section 2.1.2. Briefly, the aqueous
corrosion is assumed to begin or initiate either due to saturation in the repository being greater
than residual saturation, or due to the repository temperatures dropping below 100°C. The
threshold for saturation-dependent corrosion initiation is based on the irreducible saturation. At
saturations greater than 8 percent (which corresponds to the residual rock matrix saturation), a
continuous layer of water is assumed to form on the rock, allowing for aqueous waste package
corrosion and diffusive transport of radionuclides from the waste package. The Stahl and Lamont
models are different in the rates of corrosion assumed to occur at different temperatures. This
leads to different failure distributions for each of the models.

The waste package/EBS conceptual representation employed in TSPA 1993 includes thermal
effects on solubilities, saturations, flux distribution, and alteration rate. A two-dimensional
hydrothermal analysis using VTOUGH (Nitao, 1989) was conducted in order to evaluate
temperature, saturation, and flux distributions for three thermal loads, 70.4, 141, and 282 kW/ha
(28.5, 57, and 114 kW/acre). The analysis used an equivalent continuum assumption, and the
thermohydrologic stratigraphy and parameters of Klavetter and Peters (1986). The horizontal
model geometry consisted of a central heated area surrounded by a nonheated area. Figure 2-1
shows the plan view of the repository, indicating the area with spent fuel (concentric, equal area
Rings 1-6) and the area with defense HLW (Ring 7). The HLW was assumed not to contribute
any heat, thus was placed in the outer unheated ring of the model. The temperature was
calculated for a location of 5 m from the drift wall. The vertical discretization is shown in
Figure 2-2. The base case initial condition was zero ambient infiltration with a geothermal
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temperature distribution. The upper boundary was assumed to be at constant temperature (13°C)
and pressure (0.86 atm). The lower boundary, located 1 km into the saturated zone, was assumed
to be at constant temperature (53°C) and constant pressure (15 atm). The lateral boundaries were
closed to fluid and heat flow. The fuel characteristics were similar to that used in the SNL
contribution to TSPA 1993: (1) 40,750 metric tons heavy metal (MTHM) pressurized water
reactor (PWR) fuel and 22,250 MTHM boiling water reactor (BWR) fuel, (2) 22.5 year out-of-
reactor PWR and 23.5 year out-of-reactor BWR fuel, and (3) 42,200 MegaWatt-day per MTHM
(MWJ/MTHM) PWR bumup and 32,200 MWd/MTHM BWR burnup fuel.

The description of the waste package/EBS which was analyzed in TSPA 1993 includes:
radionuclide inventory, container failure, waste mobilization, transport of radionuclides, and
description of the EBS. A schematic of the waste package/EBS is presented in Figure 2-3. The
inventory consists of both spent fuel and HLW in separate containers. The container failure
description includes both the primary outer container failure as well as the secondary inner
container failure. Three outer container thicknesses (10, 20, and 45 cm) are considered, and two
inner container thicknesses (.95 and 3.5 cm) are evaluated. Corrosion leading to container failure
is initiated according to two different conceptual models: saturation or temperature dependent.
TSPA 1993 assumes there are three basic release modes: (1) no release, (2) advective release,
and (3) advective plus diffusive release, with the ratio determined by advective and diffusive
properties. Waste is mobilized for advective release by the water flux in the repository which
will vary over time and space due to both thermal and hydrogeologic factors. Diffusive release
may also occur. Transport from the containers depends on the flux, saturation, temperature, and
characteristics of the engineered backfill.

The waste package section is divided into three subsections: Section 2.1 - Conceptual and
Parameter Descriptions, Section 2.2 - Waste Package/EBS Results, and Section 2.3 - Conclusions.
In Section 2.1, the radionuclide inventory, waste package design, waste package failure, alteration
and mobilization of the waste inventory, and transport from the containers are defined both
conceptually and with detailed values for each parameter. Comparison with the TSPA 1991
conceptualization is also included in this section. In Section 2.2, results of waste package
analyses conducted for TSPA 1993 are provided. The container failure distributions developed
for TSPA 1993 are presented. Expected value releases are then presented to compare different
thermal loads, waste package designs, and initiation of corrosion models. The CCDFs for
100 realizations are presented followed by the selected sensitivity analyses for the uncertain
parameters. Section 2.3 presents conclusions based on the waste package analyses conducted for

TSPA 1993.

2.1 CONCEPTUAL AND PARAMETER DESCRIPTIONS

The conceptual and parameter description of the waste package includes five subsections
(radionuclide inventory, container failure, waste mobilization, radionuclide transport, and EBS
configuration) as well as a comparison with SNL's TSPA 1991 (Bamnard et al., 1992)

conceptualization.
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2.1.1 Radionuclide Inventory

The radionuclide inventory used in the TSPA 1993 analysis is divided into two basic components:
spent fuel (PWR and BWR) and HLW. The inventory used in the analyses is based on
inventories for the PWR, BWR and HLW in the Characteristics Database (CRWMS M&O,
1993). A weighted average spent fuel inventory was determined. Screening was conducted
based on contribution of the radionuclide to (1) potential release normalized to 40 CFR 191
Table 1 values over time periods from 1,000 to 1,000,000 years, and (2) potential average annual
whole body dose over time periods from 1,000 to 1,000,000 years. This screening is explained
in more detail later in the section. Spent fuel (both PWR and BWR) and HLW are included in
the inventory. The spent fuel is apportioned into the heated area of the repository
conceptualization, and the HLW inventory is located in the unheated area. It is not expected that
the HLW waste package temperatures will be significantly different from the host rock in the
vicinity. The spent fuel is divided into the six equal area rings shown in Figure 2-1. Thirty-nine
radionuclides for spent fuel and thirty two radionuclides for HLW are included in the analyses.

Spent Fuel: The spent fuel is composed of PWR and BWR fuel with tonnages of
40,747 MTHM and 22,253 MTHM respectively to reach a total of 63,000 MTHM. The average
burnup rate for the TSPA 1993 analyses is based on a content of 64.68 percent PWR fuel and
35.32 percent BWR fuel with burnups of 42,300 MWJd/MTHM and 32,250 MWd/MTHM
respectively for an average bummup of 36,437 MWJd/MTHM. Thirty-year-old fuel is assumed.
The spent fuel inventory assumes the PWR and BWR fuel are mixed (Table 2-2). The metric
tons of uranium (MTU) (for practical purposes the equivalent of MTHM) is calculated by the
number of PWR spent fuel assemblies per container. The decay chains for the radionuclides are
presented in Appendix C.

High-Level Waste: The HLW inventory presented in Table 2-3 is directly from DOE (1987).
The thermal output of the HLW is small in comparison to the spent fuel. The bumup value for
HLW is assumed to be 10,000 MWd/MTU after Golder Associates Inc. (1993). This is used only
for purposes of normalization to the EPA standard. The assumption is 7,000 MTHM of HLW
in 14,000 containers. The waste is assumed to be derived from West Valley, Idaho National
Energy Laboratory, Savannah River Laboratory, and Hanford Facilities.

Screening: The screening of radionuclides for inclusion in the analyses was done using the ratio
of the inventory to EPA Table 1 release limits. The screening process followed several steps.
The ratio of the weighted average spent fuel inventories of specific radionuclides to
comresponding EPA Table 1 values were determined for 1,000, 10,000, 100,000, and
1,000,000 years. The fractional contribution of each isotope to release at a time of 1,000, 10,000,
100,000, and 1,000,000 years was calculated assuming a combination of delay due to waste
package lifetime and retarded transport of 1,000 to 1,000,000 years. Isotopes which contributed
at least a fraction of the EPA limit at any of the selected times passed this screening. The entire
decay chain for daughters which contributed greater than 10° of the EPA limit at any time were

also included.

The screening using dose was based on inventories from the Characteristics Database at the same
time periods. The waste form was assumed to be altered at a rate of 10 of the total inventory
per year (Ci/yr). The isotopes were assumed to dissolve, as they were made available by the
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assumed waste form alteration rate, at the maximum solubilities according to NAS (1983), EPRI
(1992), and Barnard et al. (1992). The advective, downward flux in ground water moving
through the unsaturated zone was assumed to occur at 0.1 mm/yr over a cross sectional area of
33,000 m®. On arrival at the saturated zone, the isotopes were assumed to mix in the saturated
zone with a flow rate of 10,000 m*yr. Ingestion of 700 liters/year by a person using this ground
water was assumed. The ingested dose was calculated using the maximum effective (whole
body) dose conversion factor from DOE (1988), NRC (1981), or EPA (1988). The fractional
contribution of each isotope to total dose at times of 1,000, 10,000, 100,000, and 1,000,000 years
was determined. For radionuclides with two or more isotopes present in the waste, the solubility
limit was set for the clement (i.e., all isotopes) and then proportioned between the individual
isotopes by the mass fraction present at the corresponding time. All isotopes contributing less
than 10° of total dose at any time period were eliminated from the inventory unless they were
in the decay chain for daughters which contributed 107 of total dose at any time. '

2.1.2 Container Failure

The container failure conceptualization for TSPA 1993 is defined to include effects of
temperature, saturation, and oxidation rates. The TSPA 1993 analyses consider container
descriptions of several configurations approximating multibarrier waste package designs. The
design consists of an inner and an outer container. The waste package designs analyzed in
TSPA 1993 include: '

« 0.95-cm inner container of Incaloy and a 10-cm outer container of mild steel

e 0.95-cm inner container and 20-cm outer container

« 0.95-cm inner container and 45-cm outer container

« 3.5-cm inner container and 10-cm outer container

A number of approaches have been taken to develop container failure rates. Bamnard et al.
(1992), Lamont (1993), Stahl (1993), and Bullen (personal communication) have all developed
container degradation models. The following presents a description and a comparison of the
various container degradation models. This is followed by a description of the TSPA 1993
method for developing container failure distributions.

2.12.1  TSPA 1991 Failure Distribution Description

The TSPA 1991 container failure model (Barnard et al., 1992) was a distribution based on, but
not directly dependent on temperature. An initial dry out period of 300 years during which no
container failure occurred was followed by a "rewetting" period with a uniform distribution of
1,000 years, so that all packages were rewet at 1,300 years after emplacement. Container failure
started following the rewetting period. A loguniform distribution from 500 to 10,000 years was
sampled to provide a maximum failure time, prior to which all containers were to fail. The
failure distribution did not explicitly account for different container oxidation modes or

temperature effects on container failure.
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2122  Stahl Failure Distribution Description

Based on empirical data, Stahl (1993, Appendix E) developed equations for three penctration
rates: (1) high temperature oxidation, (2) general aqueous corrosion, and (3) general corrosion
with a pitting factor. The equations are temperature and time dependent. The primary
documentation for the model is included in Appendix E. The equations are concerned with

overpack penetration.

The equations, which give the total penetration, are summarized as follows:

(1) High-temperature oxidation (dry oxidation):
P=178,700 x 93 x ¢ $707

where P = penetration in microns,
t = time in years, and
T = temperature in ° Kelvin.

This corrosion mode is only active when conditions are considered to be "dry". Such
conditions are assumed to occur in some TSPA 1993 analyses when liquid saturation is
below residual saturation and in other analyses when temperature is above 100°C.
Figure 2-4 presents the penetration depth for arbitrary constant temperatures using the
Stahl formulation. The penetration is relatively insignificant, even for high temperatures.

(2) General aqueous corrosion:

P=2,525,000 xt%47 xe -28%0T

This corrosion mode is active when conditions are "wet". This condition is assumed to
occur in some TSPA 1993 analyses when liquid saturation is above residual saturation and
in other analyses when temperature is below 100°C.

(3) General corrosion with a pitting factor (aqueous pitting corrosion):

P =10,100,000 x %47 x ¢ 28547

This corrosion mode is also active when conditions are "wet", and is four times more
rapid than general agueous corrosion. Figure 2-5 presents the penetration depth for the
Stahl (1993, Appendix E) formulation for pitting corrosion at arbitrarily selected constant

temperatures.

These equations can be used to determine the penetration depth given constant temperature. For
variable temperatures (both spatially and temporally), the equations have been manipulated to
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determine the penetration depth for a particular time period at a particular time-varying
temperature distribution.

2.12.3 Lamont Failure Distribution Description

Lamont (1993, Appendix F) developed a container failure model based on oxidation/corrosion
rates at various temperatures. The oxidation rates for dry oxidation, general aqueous corrosion,
and pitting corrosion were elicited from waste package corrosion experts at LLNL. These are
the same three corrosion modes as Stahl (1993, Appendix E) described. The effect of dry air
oxidation was determined to be negligible in most cases, but was included in the model (Lamont,
1993, Appendix F). The two other corrosion modules in the Lamont container failure
conceptualization are general wet or aqueous oxidation and aqueous pitting corrosion. Draft
documentation on the model is included in Appendix F.

For general wet oxidation, Lamont elicited information on the expected corrosion rates and
temperatures. The model assumes this is only active for a mild steel outer wall of the
multibarrier waste package. The expected corrosion rates, assuming a single pit per container,
for the three multibarrier waste package overpack thicknesses are presented in Table 2-4. The
highest corrosion rate is expected to occur when temperatures are near 80°C. If temperatures are
greater or less, the corrosion rates are slower which leads to longer expected failure times.

A quadratic function was fit to the 20°C and 80°C corrosion rates. The 100°C rate was not used
in the Lamont quadratic fit, but was evaluated in this study to see if the determined fit was close
(Lamont, personal communication). To match the 80°C peak and fit the 100°C rate also, a fourth
point was inserted (Figure 2-6). For temperatures greater than 96°C, the general wet oxidation
process was assumed inactive (Lamont, 1993, Appendix F).

The Lamont model included another component, pitting corrosion, which is only active on the
inner container, and only after failure of the outer container. Information was elicited from
LLNL concerning the distribution of annual pitting rates at two different temperatures (70 and
100°C) for this model. This information was then implemented in a probabilistic pitting model
(Lamont, 1993, Appendix F). LLNL elicited values for the median and 95 percentile of pitting
rates, for a low, median and high growth rate scenario. The elicited container corrosion rates are
presented in Table 2-5. The corrosion rates are given as a growth factor and a probability, and
have been used to calculate a conservative time to failure (see Table 2-5). Lamont used the rates
to develop distributions for the pit growth for all pits on a container. Lamont assumed many pits
may exist on a particular container, and then implemented an extreme value distribution to
determine the pit which was considered to grow during a particular time step. If a single pit
penetrated the container, the container was assumed to have failed. The TSPA 1993 abstraction

of the Lamont model is presented in Section 2.1.2.5.

2.1.2.4  Bullen Failure Distribution Description

Bullen (personal communication) developed container failure curves showing the fraction of
containers failed at a particular time for given environmental conditions. Similar cases have been
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developed by Bullen for use by EPRI (see Shaw and McGuire, 1993). The failure modes
included by Bullen (personal communication) were the same as Stahl and Lamont, with the
addition of a defective construction mode. The failure distributions developed by Bullen have
been generated for four different thermal regions in the repository for three thermal loading
scenarios. Three different thermal redistribution mechanisms have also been evaluated by Bullen,
namely conduction, convection, and heat-pipe. Table 2-6 includes the Weibull distribution
parameter values for conduction for the three thermal loading scenarios for both the SCP design
container and for a steel container like the multibarrier waste package outer container. The
values in Table 2-6 are only given for two conditions: (1) a temperature zone with a time period
above boiling and then some time below boiling (alpha), and (2) a temperature region with
temperature always below boiling (beta). If one were to look only at these two temperature
regimes, the additional waste packages not included in these two temperature regions would need
to be reapportioned to these two regions. Figure 2-7 presents the dry oxidation rate information
used by Bullen. Figure 2-8 presents Bullen's calculated penetration rates for the SCP design
container. The Bullen results are presented only for comparison purposes and are not used in the
development of container failure distributions for TSPA 1993.

2.12.5 Container Failure Implementation in TSPA 1993

The RIP allows the user to define several failure distributions for both a primary container option
and a secondary container option. In TSPA 1993, for the primary container option the obvious
choice is to simulate the overpack failure distribution. However, the secondary container option
in RIP does not allow any dependency of the failure distribution based on environmental
conditions. Thus, the primary container failure distribution option was used to include the
combined effects of dry oxidation and general aqueous oxidation on the overpack as well as
pitting corrosion on the inner container. The secondary container option in RIP was used to
simulate degenerate or immediate failure of the cladding.

The development and implementation of container failure distributions in RIP for TSPA 1993
required several steps. Briefly, these steps are defined below. Figure 2-9 presents the steps in
sequence.

1. Given a certain thermal load, the temperature, flux and saturation distributions were
calculated for each of six spent fuel waste package groups and one HLW waste package
group. (See Appendix A).

2 The corrosion rates for the abstraction of each of the failure models (Stahi (1993,
Appendix E) and Lamont (1993, Appendix F)) were determined as a function of
temperature and time.

3. For a particular analysis, a determination was made to use either temperature or residual
saturation as the initiation process for corrosion. The time prior to the initiation of
corrosion was determined based on the hydrothermal analyses presented in

Appendix A.
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4. The steel corrosion penetration depth as a function of temperature and time was plotted
and the time required to breach the outer container was de.crmined.

5. The inner container penetration depth as a function of temperature was determined for
the 5th, 50th, and 95th percentile cases (for Lamont abstraction only).

6. The time required to penetrate the outer container was combined with the time required
to penetrate the inner container to determine the time required to breach both of the

barriers.

More detail on each of these steps is provided below.

STEP 1: Temperature, Saturation, and F]ui

The three previously defined areal power density (APD) scenarios were implemented in the
TSPA 1993 analyses. These three scenarios each resulted in a unique temperature distribution
for each ring for each loading. The temperature distributions for locations 5 m from the waste
package center, developed using VTOUGH (Nitao, 1989) are presented in Appendix A. In RIP,
these temperatures were implemented as a temperature distribution table for each ring.

The liquid saturations for the three APDs were also calculated using VTOUGH. The plots of
liquid saturation as a function of time for each of the rings are presented in Appendix A. The
saturations for each repository ring were implemented in RIP using an approximate fit to the
VTOUGH saturation curve. For initial TSPA 1993 analyses, cases with a saturation of less than
residual saturation assumed general aqueous corrosion and pitting corrosion were not active.
Additional analyses used temperature as the dependent parameter for corrosion processes
(i.e., when the temperature was greater than 100°C, no aqueous cofrosion occurred). The liquid
fluxes for the three APDs were also calculated using VTOUGH. The results of the VTOUGH
analyses for repository level flux were implemented in RIP for each ring by approximating the
flux at a given time with a simple function. The flux curves from VTOUGH are presented in
Appendix A. These flux values were compared with results from a similar conceptualization by
Buscheck and Nitao (1993), and the results compared favorably (see Appendix A).

STEP 2: Dry Oxidation

Temperatures developed in VTOUGH were averaged for each time step, and a corrosion rate was
determined for these averaged temperatures. This corrosion rate was then active for the length
of the time step. This calculation was also conducted external to RIP. A plot showing the
implementation of the Stahl (1993, Appendix E) dry oxidation penetration depth at various
temperatures was presented in Figure 2-4. For the temperatures calculated both at the waste
package surface and 5 m into the rock, the penetration depth is considered insignificant. Thus,

dry oxidation was disregarded in the following analyses.

The Lamont model uses an Arrhenius relationship as follows:
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where

P = penetration rate (mm/yr),

k,,k, = constants, and

T = temperature (°K)

and assumes dry oxidation is a temperature dependent process. The penetration rate due to dry
oxidation of carbon steel is (Uhlig, 1948):

Temp °C Rate (mm/yr
25 6.35E-6
540 10.08

For temperatures similar to those obtained in Appendix A (i.e., 100° to 200°C), the penetration
is insignificant. For greater temperatures (i.c., 300°C), similar to those achievable with a backfill
(Appendix B), the oxidation penetration rate becomes quite significant. These dry oxidation
results were not included in the following analyses because no backfill was assumed in the drift
for the thermal calculations.

STEP 3: Aqueous Corrosion Initiation

For the cases with corrosion initiation dependent on saturation, it was assumed that when the
saturation dropped below residual saturation, corrosion was inactive; otherwise corrosion was
active at the rate governed by the temperature in the particular ring. For the cases with corrosion
initiation dependent on temperature it was assumed that when the temperature increased above
100°C, corrosion was assumed inactive; otherwise corrosion was active at the rate according to
the temperature in the particular ring. Particularly for the 282 kW/ha (114 kW/acre) case, with
both of these conceptual models, a period of time clapsed prior to the initiation of aqueous
corrosion.

STEP 4: Aqueous Corrosion of Outer Container

For general aqueous corrosion, TSPA 1993 uses four different conceptualizations for comparison;
two each for both Stah! and Lamont. The conceptualizations use either saturation or temperature
as a basis for corrosion initiation and are as follows.

Stahl - Saturation Based (S1). This conceptualization abstracts information from Stahl (1993).
Dry oxidation is not included. Aqueous pitting corrosion is simulated to develop failure
distributions for the outer containers. As long as liquid saturation is above residual saturation,
corrosion is assumed to occur. The temperature distribution for each of the seven rings was
developed in VTOUGH for each APD analyzed. A total penetration depth with time for each
of the rings was determined using the temperature distributions presented in Appendix A and the
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Stah! penetration equations. Figures 2-10, 2-11, and 2-12 depict the penetration depth vs. time
for the innermost and outermost repository rings for the three thermal loads investigated: 70.4,
141, and 282 kW/ha (28.5, 57, and 114 kW/acre). The time at which the penetration depth was
equal to a specified overpack thickness was determined. This failure time was used as the
midpoint of a uniform distribution and a range extending an arbitrary value of +/-25 percent from
the mean was determined. A similar distribution was calculated for each ring. Tables 2-7 to 2-9
present the calculated failure times for each of the APDs based on corrosion occurring when
water saturation is greater than residual saturation. Tables 2-7a, 2-8a, and 2-9a present the time
to failure assuming general corrosion occurs on the outer container. The time to failure for each
of the three outer container thicknesses is presented. For the 20-cm and 45-cm outer containers,
the time to failure is greater than 100,000 years for all seven rings. Tables 2-7b, 2-8b, and 2-9b
show the time to failure assuming pitting corrosion (four times the general corrosion rate) occurs
on the outer container. The time to failure is greatly decreased from the general corrosion time
to failure. Tables 2-7b and 2-8b show a consistent increase in time to failure from the inner
repository ring to the outer ring, due to generally decreasing temperatures (i.e., lower corrosion
rates) as one moves away from the center of the repository. Tables 2-9a and 2-9b (282 kW/ha
[114 kW/acre] case) indicate a complexity associated with a dryout period, or a time period in
some of the rings in which the liquid saturation is below residual saturation. During this time
period, no corrosion occurs. Thus, the time to failure for the waste packages in different rings
shows an increase from Rings 1-4, but then drops for Rings 5-7. Ring 7, because it has no
dryout time, has the shortest time to failure of any of the rings for the 282 kW/ha (114 kW/acre)
case. Because the Stahl (1993) model causes relatively rapid (10s of years) failure of the inner
container, this additional time was not added to the failure time.

Stahl - Temperature Based (S2). This conceptualization also abstracts information from
Stahl (1993) and deals only with the overpack. Dry oxidation is not included. As an alternative
to the saturation based corrosion initiation, temperature is used as the dependent parameter.
When the temperature drops below 100°C, general aqueous corrosion is assumed to initiate.
When temperature is above 100°C, no corrosion occurs. Table 2-10 presents the calculated time
to failure when corrosion is assumed to occur at temperatures below 100°C. The 70.4 kW/ha
(28.5 kW/acre) case is not included in Table 2-10 because temperatures are never greater than
100°C. Also, Table 2-10 only shows the time to failure for the pitting corrosion model with a
10 cm overpack. The trends in the time to failure in Table 2-10 can generally be attributed to
the proximity of a ring to the center of the repository and the dryout period for a ring.

Table 2-11 presents the saturation based failure distribution as it was implemented in RIP. Table
2-12 presents the temperature based failure distribution as it was implemented in RIP.
Table 2-11 values were calculated from the previously presented (Tables 2-7 to 2-9) times to
failure caused by pitting corrosion on the different overpack thicknesses. The start time was
calculated as 75 percent of the expected time to failure, and the duration of the failure time was
calculated by adding 25 percent to the expected time to failure and then subtracting the start time
from this value. Table 2-12 values were calculated with the same method as Table 2-11, but
using Table 2-10 as the expected value for time to failure. Because Tables 2-11 and 2-12 are
based on Tables 2-7 to 2-10, the times to failure follow the same trends.

Lamont - Saturation Based (L1). Abstracting the Lamont (1993) general aqueous corrosion rate
information into RIP requires fitting a curve to the elicited thermally-dependent corrosion rates
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(Figure 2-6) and using the temperature distribution defined in the hydrothermal analyses. The
aqueous corrosion was assumed to occur when saturation was greater than residual saturation.
The mean container failure times for general agueous corrosion only at the 141 kW/ha (57
kW/acre) APD for the Lamont model are presented in Table 2-13. The times to failure presented
in Table 2-13 indicate a general decrease in time to failure from the center of the repository
outward. This trend occurs because the hotter central repository has lower corrosion rates (see
Figure 2-6) than do the cooler outer rings. The trend is evident for each container thickness.

Lamont - Temperature Based (L2). The abstraction of the Lamont (1993) general aqueous
corrosion model was also used for this failure distribution description. However, corrosion was
assumed not to occur when simulated temperatures were above 100°C.

STEP 5: Pitting Corrosion of Inner Container

Because Stahl (1993) assumes the inner container fails in only 10 years, this small time factor
is not included in the Stahl failure distributions.

For pitting corrosion, failure distribution descriptions L1 and L2 were abstracted from Lamont
(1993). The median growth rate (Table 2-5) was used. A single pit was tracked per container.
This is different than the Lamont model which includes muitiple pits per container, and three
different growth rates—low, median and high. The information on the median corrosion rate
(5th, 50th and 95th percentiles) was used to determine container failure distributions. Weibull
distributions were developed to incorporate the potential variability in corrosion rates. The pitting
corrosion rates active on the inner container are combined with general aqueous COfTOsion
penetration of the outer container and the corresponding times to failure for saturation dependent
corrosion initiation are presented in Table 2-14. The temperature dependent failure distributions
are presented in Table 2-15. Table 2-14 shows the calculated time to failure for the cases with
a 10-cm overpack and either a .95-cm or a 3.5-cm inner container thickness. The median, 5th,
and 95th percentile time to failure is shown for each ring. The 5th percentile time to failure
increases from Ring 1 to 7. The trends in the median and 95th percentile are less consistent
because of the temperature effects on the time of failure of the outer container, which may
contribute to rapid failure if the system temperature is near the peak corrosion temperature of
80°C. This defines why the hottest ring (Ring 1) does not fail the quickest.

Table 2-15 presents data similar to Table 2-14 for 141 and 282 kW/ha (57 and 114 kW/acre),
except the assumption is that corrosion initiation doesn’t occur unless temperature is below
100°C. Generally, time to failure is longer than those in Table 2-14 (saturation dependent
corrosion initiation) for the hotter rings and about the same for the outer, cooler rings of the
repository. The RIP implementation of the Lamont failure distributions is presented in
Tables 2-16 to 2-17. These distributions were developed by taking the calculated data in
Tables 2-14 and 2-15 and fitting a Weibull distribution to the data.
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STEP 6: Total Time to Failure

The time required for penetration of both the outer container and the inner container is assumed
to be the time to failure of the waste package. This is conservative because it does not take any
credit for the cladding and it assumes the whole waste package inventory is available for release
when a single hole penetrates the waste package. The outer container penetration depth with time
was calculated using the aforementioned general agueous corrosion abstracted models. When the
outer container was penetrated, the corrosion model was switched to the pitting corrosion model
(in Lamont’s case) and the total time to penetrate the outer container and the inner container was

determined.

The reference case for TSPA 1993 takes no credit for the cladding. However, alternative
approaches to incorporating the cladding are provided by Golder Associates Inc. (1993). Golder
Associates Inc. uses two different scenarios for cladding failure. Scenario A assumes the
cladding fails instantly as soon as the primary container fails. Scenario B assumes that all fuel
rods experience pinhole failures instantly after emplacement, but only fuel rods in containers that
fail at early times are additionally degraded due to oxidation of the fuel pellets. The area of the
spent fuel is assumed to increase by 100 times in this case, due to increase in surface area caused
by oxidation reaction. Containers whose fuel rods are split by the increase in spent fuel volume
due to oxidation, release both aqueous and gaseous nuclides. Those which only experience
pinhole failures release primarily gases. Golder Associates Inc. (1993) assumed each cladding
scenario has a 50 percent likelihood of occurrence. '

2.1.3 Waste Mobilization

Previous TSPA analyses have included a factor identified as water contact mode, with certain
waste release characteristics. This analysis does not use such a formulation. Instead, TSPA 1993
divides the waste packages into seven groups, each of which has a characteristic set of saturation,
temperature and flux histories which define conditions at the waste package and thus the potential
release mechanisms. Within each repository ring, all waste packages experience the same
environmental conditions. For example, a repository ring may start off in the "nominal" or dry
mode due to the high initial temperature and low saturation, but be modified to advective and/or
diffusive release characteristics as the temperature decreases and flux increases. The seven
repository rings are based on the VTOUGH analyses discussed previously. TSPA 1993 assumes
there are three basic release modes: (1) no release, (2) advective release, and (3) advective plus
diffusive release.

The TSPA 1993 conceptualization of waste mobilization is affected by temperature, saturation,
and flux. For initial analyses, no release is allowed when saturation is less than residual
saturation when it is assumed that aqueous waste package corrosion and diffusive transport of
radionuclides from the waste package does not occur. The advective release condition occurs
when the seepage in the repository is greater than the matrix hydraulic conductivity. For
saturations greater than eight percent and zero background ambient percolation flux, there is only
diffusive release. For nonzero downward fluxes, there is both advective and diffusive release.
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Additional analyses were conducted using 100°C as the transition between dry oxidation and
general aqueous corrosion. The failure distributions and, thus, waste mobilization, are somewhat
different than for the saturation dependent failure distributions.

2.1.3.1 Matrix Dissolution Rates—Spent Fuel

Gray et al. (1992) experimentally analyzed the effects of pH, temperature, and total carbonate
concentration on the dissolution rate of spent fuel. They provided three possible curve fits to
their data: a theoretical Arrhenius-type fit, a mixed theoretical and empirical fit, and an empirical
polynomial fit. The second was chosen for TSPA 1993 because it provided a reasonable fit and
preserved much of the functional form expected by Gray et al. (1992):

Ry, =1.65 +1.41(log[C 1) +0.0341(pH) +0.160T

where Ry, = matrix dissolution rate (mg/m’: day),
C = total carbonate concentration (molarity),
pH = nominal pH of the water contacting the matrix (assumed to be the same as the
pH of the ground water), and
T = temperature of the spent fuel (°C ).

Converting the dissolution rate to g/m?yr yields:

R, =0.602 +0.515(log[C]) +0.01245(pH) + 0.0584T

The graphic representation of the temperature and carbonate dependent spent fuel dissolution rate
is shown in Figure 2-13.

In TSPA 1993, the carbonate concentration (C) was sampled over a uniform distribution from
0.002 to 0.02 (Gray, 1993), and pH was sampled from an arbitrarily selected uniform distribution
from 6.0 to 9.0.

2.1.3.2 Matrix Dissolution Rates—Glassified High-Level Waste

Bourcier (1993) outlines a conservative conceptualization for the dissolution of the glass waste
form. The rate equation commonly used to describe the dissolution of glass is:
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Rgl =Am.glk7‘.pﬂ (1-Q/K)

where R = dissolution rate of glass (g/day),
Ang = surface area of the glass exposed to solution (m?),
Ky o1 = rate constant for glass dissolution which is primarily a
function of temperature and pH (gm/m’ day),
Q = concentration of dissolved silica in water, and
K = equilibrium constant for amorphous silica.

Bourcier estimates a "reasonable and conservative value" for the surface area to be
Ap g =125 m’/canister.

A functional form for the rate constant for glass disolution, k, was derived from regression
analysis of experimental data:

k = 10(-000172 -0.0231 T+0.00149 T2 - 1.136 x 107373 -1.155pH +0.0813 pH* +0.000138pH %)

where k has units of gm of glass/m? day, and T is in °C. This equation is valid from 10 to 100°C
and pH values from 1 to 12. :

From Bourcier’s temperature-dependent estimates of Q and K, a reasonable linear dependence
of Q/K on temperature was derived:

Q/K=0.1425 +0.001878 T

where T is in °C. Graphically, the glass dissolution with respect to temperature is presented in
Figure 2-14.

The dissolution conceptualization presented here embodies several assumptions and limitations.
The radionuclides are released as fast as the glass structure breaks down, which is conservative
because it does not account for solubility-limited radionuclides. No credit is taken for the fact
that "experiments have shown that the actinides more commonly are included in alteration phases
at the surface of the glass either as minor components of other phases or as phases made up
predominantly of actinides" (Bourcier, 1993). The model ignores all solution chemistry other
than pH and silica concentration. However, a variety of experiments show that species such as
dissolved Mg and Fe can change glass dissolution rates by up to several orders of magnitude,
with Mg decreasing the rate and Fe increasing the rate (Bourcier, 1993). The model also ignores
vapor phase alteration of the glass. In addition, "if a canister containing glass is breached and
humid air reaches the glass, the glass will react and form a thick alteration rind composed of
hydrated glass and secondary phases. The durability of this material with respect to later contact
with liquid water may be much greater or much less than the unaltered glass” (Bourcier, 1993).
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2.1.33 Additional Parameters Important to Waste Mobilization

Spent Fuel Surface Area: There is 5.0854 m? of surface per assembly of PWR and 1.9494 m’
of surface area per assembly of BWR. For the case of waste packages containing 21 PWR fuel
assemblies, this is equal to 21 x 5.0894 or 107 m? per waste package. This case is comparable
to the 40 BWR case which is 40 x 1.9494 or 78 m? per waste package. The range for spent fuel
surface area used in TSPA 1993 was 78 to 107 m? per waste package.

Defense High-Level Waste: For each canister, the surface area is 5 m? with a factor of 10 to
30 included to account for cracking (Bourcier, 1993) leading to 50 to 150 m? per canister. Since
it is assumed that there are 4 canisters per waste package, for the case corresponding to the
21 PWR case, this suggests 200 to 600 m? of surface area per waste package.

The volume of water contacting the spent fuel and glass waste forms is equal to the surface area
times an assumed 0.001-m thick water film. Thus, the volume of water contacting the spent fuel
becomes 0.078 to 0.107 m®, and contacting HLW becomes 0.2 to 0.6 m’.

Effective Catchment Area: The effective catchment area is the total area over which vertical
liquid flux is collected and thus available for a single waste package. The effective catchment
area is assumed to be a uniform distribution from 8.5 to 46.5 m®. The range is from a minimum
of the area of one waste package to the projected area for a waste package assuming a center to
center distance of 3.75 m by 12.4 m. '

Geometric Factor for Diffusion: The geometric factor for diffusion is defined as

Q=4nRnf,
where
R = the equivalent spherical radius of the waste package which is 2.23 m for
Rings 1 to 6 and 2.50 m for Ring 7,
n = porosity = 0.1 to 0.3, uniform distribution (Golder Associates Inc., 1993),
and
(i) = 1 if saturation is greater than 8 percent; otherwise it is 0.

2.1.4 Modes of Radionuclide Transport

Once the radionuclides are released from the waste form and dissolved in the water film around
the fuel matrix, they may be released from the waste package. The release rate is a function of
mode of transport (advective and/or diffusive) and the concentration of the radionuclides in the
water. This concentration may be limited by the solubility limit of the element. The mode of
transport is dependent on the saturation and flux for the particular waste package group.
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2.1.4.1 Solubilities

The solubilities for the radionuclides used in the TSPA 1993 analyses include the effects of
temperature and pH where the data or theory exist to support the formulation of such
dependencies. An expert elicitation at SNL (see Appendix G) noted that different isotopes of the
same element have the same solubilities, although the actual solubility in a particular solution is
dependent on the mass fraction of the isotope in the solution. The solubilities of some of the
elements were also expected to have the same temperature and pH dependencies. The groups
of elements whose solubilities behave similarly were taken to be:

(1) Raand Sr

(2) Pa, Sn, Th, and Zr
(3) Ni, Pb

(4) Np,U

(5) Ac, Am, and Sm.

For the first three groups, very little temperature-dependent data are available. Thus, the
solubilities were assumed to be those elicited (which were valid for 25°C<T<95°C, 6<pH<9, and
all ground-water compositions expected at the proposed repository). For the fourth and fifth
groups, the most detailed and recent data (Nitsche et al., 1992a,b) were for Np and Am,
respectively. As per the elicitation, the solubilities of the other members of the fourth and fifth
groups were correlated directly to the solubilities of Np and Am. The solubilities of the elements
within a particular group are thought to behave similarly, therefore, in RIP they were assumed
to be exactly correlated. There is inevitably some error in this assumption. However, the data
do not exist for a more accurate formulation. The ground-water composition is very important
in determining the temperature and pH dependence of the solubilities (Appendix G). The
solubilities corresponding to UE-25 J#13 water were selected for the following reasons: (1) The
water from UE-25 J#13 (tuff aquifer) is probably more representative of the water that will be
found at the proposed repository horizon than the water from UE-25 p#l (carbonate aquifer);
(2) most of the previous solubility work has assumed UE-25 J#13 water, and this is consistent
with PNL's TSPA-91 (Eslinger et al., 1993) efforts; (3) more temperature-dependent data are
available for UE-25 J#13 in the work by Nitsche et al. (1992a,b); and (4) the solubilities of Np
and Pu do not vary more than an order of magnitude between the two waters. Table 2-18
presents the solubility values or functions used in TSPA 1993 analyses. Note that some of the
solubilities do not have a defined pH and/or temperature dependency. The table lists the
radionuclides, the solubility of the radionuclide, the function of any pH or temperature
dependency for the solubility, and the source of the data. Table 2-19 presents solubilities for
Am, Np, and Pu. These are both pH and temperature dependent.

Some of the solubilities that were elicited had log-beta distributions. These were approximated
using log-normal distributions. The differences are negligible, except perhaps for Ni. For Ni,
the log-normal distribution is broader, extends farther to the higher values, and has a slightly
higher mean value. Thus, the log-normal distribution is nominally conservative with respect to

the log-beta distribution.

For Cs, Wilson’s (1993) measured solubilities (using UE-25 J#13 ground water) (1.2E 5 gm/m’
at 25°C, and 1.5E-9 gm/rr}3 at 85°C) were used. He did not have any estimate of the error, so
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a log-triangular distribution was assumed that extended an order of magnitude in each direction
from each data point. The temperature at which the solubility was switched from one distribution
to the other was selected to be the mid-point, 55°C.

When incorporating the temperature-dependent solubility data into TSPA 1993, a functional form
was assumed that was provided by Ines Triay of Los Alamos (Appendix G, personal
communication to Carl Bruch, July 22, 1993):

ln(S)=co+ﬁ +_c?. +c3T+c‘ln(T)
T T1°

where S is the solubility, T is the temperature in degrees Kelvin, and c,...c, are the coefficients
that are determined from curve fitting. The assumptions for this formulation are included in
Appendix G. To incorporate the pH-dependence, a functional form was assumed similar to that
described by Gray et al. (1990) for dissolution rates:

¢ &
In(S) =co+7 +? +c T+cyIn(T) +cspH

Using the multiple linear regression component in SPSS software (SPSS, 1993), the following
coefficients were calculated:

Element o ¢, [ c, <, Cs R’

Am 453.2986 0 -1.602404E7 -0.922433 -0.801841 0.73455
Np 134.7607 0 4227824 -0.242123 0 -1.492653 0.85197
Pu 19.69678 0 -143002.9 -0.070033 0 0.067152 0.90185

The corresponding graphic representation is given in Figures 2-15 through 2-17.

For Np, the lower the pH, the higher the solubility. Temperature has a significant effect on the
solubility when greater than 70°C. For Am, the same trends are evident but the change in
solubility with temperature is relatively much smaller than it is for Np. The Pu solubility
decreases constantly with increasing temperature, and is relatively unaffected by pH differences.

2.1.4.2 Diffusion Coefficients

The diffusion coefficients used in TSPA 1993 are derived from the diffusion coefficient curves
presented in Conca (1990). The diffusion coefficient is presented as a function of water content
for tuff gravel. The 2nd order polynomial regression curve fitted to the data is:
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D= (-1.8773x 107%) +6.2741x 10 WC +4.1674 x 10°wce?

with an R? = 1.000, where D, = effective diffusion coefficient in cm¥/sec, and WC = water
content. This relationship does not hold at extremely low water contents (Conca, 1990).

To implement the above equation in RIP, the volumetric water content values were converted to
saturation by dividing by a porosity of 0.4. The diffusion coefficient was set to 1.0x10°m*/yr
when saturation was less than residual saturation. The equation implemented in RIP was:

D = 59135 x 105 +7.9154 x10°45, + 2.103041x10°35,

where S, = liquid saturation and D, is in m?yr. The curve is presented in Figure 2-18.

2.1.5 Engineered Barrier System Configuration

The TSPA 1993 analyses evaluated an in-drift emplacement design. A design was assumed with
the container placed on a layer of crushed tuff above the drift floor. The drift was assumed not
to be backfilled. The repository may be sloped at an approximate three percent grade to promote
drainage of any seepage away from the packages. In this case, so long as a continuous water
film exists, the diffusive pathway will always be present, and any aqueous releases will be
diffusive if the velocity of the repository flux is small. The diffusive velocity is calculated as:

vel = Dd/L

where D, = effective diffusion coefficient (m*yr), and L = path length (m).

The material under the in-drift waste package design will be simulated in RIP as a pathway.
Material characteristics determined for the crushed tuff and implemented in the EBS pathway are
described below. The thickness of the crushed tuff invert is expected to be 0.5 m. Porosity is
0.1 to 0.3. The diffusion coefficient is determined from Conca (1990).

2.1.6 Comparison with Sandia National Laboratories’ TSPA 1991

The TSPA 1993 conceptualization contains numerous differences from the SNL TSPA 1991
conceptualization. The data input for TSPA 1993 is compared with TSPA 1991 (Barnard et al,,
1992) in Tables 2-20 to 2-24. In particular, temperature dependencies were explicitly included
in TSPA 1993 for such parameters as solubility, dissolution, repository flux and saturation, and
container failure. The following highlights some of the differences between TSPA 1993 and

TSPA 1991 and indicates the significance of such differences.
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The inventory used in TSPA 1993 contains the same number of metric tons as in TSPA 1991,
but the number of curies is slightly higher (Tables 2-20 and 2-21). Also, burnup values are
significantly higher. Solubility values are substantially different for selected radionuclides, such
as ®'Np. The gap fraction is assumed to be the same percentage in TSPA 1993 as in SNL's
TSPA 1991. TSPA 1993 contains 39 radionuclides, instead of just 9 as used in the aqueous
releases in TSPA 1991. '

The container failure distributions implemented in TSPA 1993 are developed dependent on .
saturation, temperature, and corrosion rates, unlike the relatively simple distribution developed
for TSPA 1991. Table 2-22 shows the comparison of the parameters.

Table 2-23 presents the comparison of TSPA 1993 and TSPA 1991 parameters for waste
alteration. Two of the major differences are: (1) TSPA 1993 uses the Conca diffusion curve
explicitly, instead of segmenting the curve as was done in TSPA 1991; and (2) the TSPA 1993
alteration rate is temperature dependent.

Table 2-24 presents the TSPA 1993 and TSPA 1991 parameters for waste transport. Significant
differences are evident in nearly all parameters. Some of the major differences between
TSPA 1991 transport parameters and TSPA 1993 transport parameters are: (1) explicit
representation of Conca diffusivity curve in TSPA 1993, (2) repository level spatially variable
percolation rate calculated in hydrothermal analyses for TSPA 1993 with constant rate below
repository using different percolation rate than TSPA 1991, (3) larger effective catchment area
in TSPA 1993 than in TSPA 1991, (4) implementation of rubble zone, below waste packages in
TSPA 1993 instead of air gap, and (5) in-drift emplacement in TSPA 1993 instead of in-borehole
emplacement.

2.2 WASTE PACKAGE RESULTS

The results of the analyses of the TSPA 1993 waste package are presented in this section. The
various container failure distributions developed external to RIP and then implemented in RIP
are presented. Simulated expected value case releases from the waste package are then presented
for the three APDs, different container designs, and different corrosion initiation
conceptualizations. A subsection showing the CCDFs, in terms of cumulative releases from the
waste packages into the host rock, for the various cases is presented. The section closes with a
presentation of several sensitivity analyses of selected input parameters.

2.2.1 Failure Distributions

The failure distribution curves for the many configurations analyzed are compared to determine
variations due to thermal loading, container design, and corrosion initiation models. The figures
presented in this section are derived from simulations which are set up to show when individual
waste packages fail. Each waste package in the simulation contains a single curie of a
radionuclide which does not decay during the time period of interest (i.c., 100,000 years). The
total number of waste packages is the same as the number of packages used in the 21 PWR

cases.
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22.1.1 Alternate Thermal Loads

The cumulative container failure distributions for alternate thermal loads using the Stahl model
with a 10-cm overpack are presented in Figure 2-19. Note the curve labels are the same as those
used previously where the first number indicates the APD, the second is the outer container
thickness, the third is the inner container thickness, and the last is the model and whether or not
it is temperature or saturation dependent corrosion initiation. The failure distribution for
70.4 kW/ha (28.5 kW/acre) initiates later than both of the other APDs. The failure of containers
in Ring 7 is evident in the failure distribution for all three APDs, though it is earlier than Rings
1-6 in the 282 kW/ha (114 kW/acre) case and later in the 70.4 and 141 kW/ha (28.5 and
57 kW/acre) cases. Ring 7 failure shows up as the distinct straight segment from over 6,000 to
the peak of the 141 and 70.4 kW/ha (57 and 28.5 kW/acre) curves. For the 282 kW/ha
(114 kW/acre) curve, the Ring 7 segment is the straight portion of the curve from O to almost
4,000. Generally, the waste packages fail earlier for 141 kW/ha (57 kW/acre), than for the
282 kW/ha (114 kW/acre), or 70.4 kW/ha (28.5 kW/acre) cases. The actual individual failure
distribution for each of these cases is presented in Figure 2-19b.

2.2.1.2 Alternate Outer Container Thicknesses

The container failure distributions for waste packages with different outer container thicknesses
at the 141 kW/ha (57 kW/acre) thermal load are presented in Figure 2-20. The outer container
thickness is 10, 20, or 45 cm. The failure distributions for the 10-cm and 20-cm case have the
same shape, though the 20-cm distribution is pushed out in time by several thousand years. The
45-cm case starts significantly later in time and many of the containers have not failed by the end
of the simulation period of 100,000 years. This is due to the overpack being thick enough to
keep from failing during the high temperature early period, after which corrosion rates are
significantly slower so failure requires much longer.

2.2.1.3 Alternate Processes for Initiation of Aqueous Corrosion

The container failure distributions for alternate conceptualizations of the processes which may
cause aqueous corrosion to become active have several important differences. For the Stahl
(1993) case, 141 kW/ha (57 kW/acre), and 10-cm overpack, Figure 2-21 shows the distinction
between saturation dependent and temperature dependent corrosion initiation.  Saturation
dependent corrosion initiation begins earlier, and correspondingly the packages fail more quickly
than when the temperature dependent corrosion initiation is assumed. Thus, saturation dependent
corrosion initiation is conservative. Using Lamont (1993), 141 kW/ha (57 kW/acre), and 10-cm
overpack, the distinction between saturation dependent and temperature dependent corrosion
initiation is similar (Figure 2-22a). The saturation dependent distribution begins earlier and fails
the packages more quickly than the temperature dependent corrosion initiation case. The
container failures in the individual rings are more obvious in the temperature dependent corrosion
initiation case, than in the saturation dependent corrosion initiation case (Figure 2-22b).
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2.22 Waste Package Release from Expected Value Case

The analyses conducted for TSPA 1993 included sensitivity on a number of important design
aspects of the waste package and the surrounding engineered barriers as well as conceptual
differences in the corrosion model. The primary design variants were APD (70.4, 141, and
282 kW/ha, or 28.5, 57, and 114 kW/acre), outer container thickness (10, 20, and 45 c¢m), and
inner container thickness (.95, and 3.5 cm). The conceptual difference was whether corrosion
initiation was dependent on saturation or temperature. A summary of the basic designs and
conceptualizations which were analyzed is depicted in Tables 2-1 and 2-25. The discussion
which follows begins with an initial design of 141 kW/ha (57 kW/acre), outer container thickness

of 10 cm, inner container thickness of .95 cm, and the saturation dependent corrosion transition.
For the purpose of this analysis, this case is selected as the Reference Case.

The 10,000- and 100,000-year expected value cumulative normalized release from the waste
package for the 141 kW/ha (57 kW/acre), 10-cm overpack, .95-cm inner container, S1 failure
distribution (Stahl model, saturation dependent corrosion initiation) and 39 radionuclide inventory
are presented in Table 2-26. The radionuclides with the highest normalized release are *’Ac,
Wam. “C, ®Ni, ?'Np, 2°Pb, *’Pu, ?*Ra, and *Tc. The expected value release curves for
Reference Case total release and selected radionuclides are presented in Figure 2-23. The highest
normalized release over 10,000 years is provided by “C and *’Np, while *°Pb and 26Ra provide
the highest normalized release over 100,000 years.

Table 2-27 presents the 10,000- and 100,000-year normalized cumulative release for 17 design
cases. Column 1 in Table 2-27 identifies the design according to APD (kW/acre), outer container
thickness (cm), inner container thickness (cm), and failure distribution. The other columns
present the total normalized cumulative release, as well as the normalized release for '*C, Z'Np,
%Tc, and 2!°Pb, for both 10,000- and 100,000-year simulations.

2221 Alternate Thermal Loads

The expected value case release for the alternate APDs are presented in Figure 2-24a for
10,000 years and Figure 2-24b for 100,000 years. These curves represent the case for the
10-cm overpack and the .95-cm inner container, Stahl failure distribution, and saturation
dependent corrosion initiation. For the 10,000-year simulation, the 141 kW/ha (57 kW/acre) case
expected release occurs sooner and appears to be larger than the other two cases. The normalized
cumulative release shown in Table 2-27 for 141 kW/ha (57 kW/acre) is greater than for
282 kW/ha (114 kW/acre) which is greater than the 70.4 kW/ha (28.5 kW/acre) release. It is
expected that this is due primarily to the corrosion rates being higher at the temperatures more
prevalent to the 141 kW/ha (57 kW/acre) case. Figure 2-24b shows a greater release for the
70.4 kW/ha (28.5 kW/acre) than for the 282 kW/ha (114 kW/acre) case. However, the case of
70.4 kW/ha (28.5 kW/acre) has significantly more 210py, than the 282 kW/ha (114 kW/acre) case,
thus the normalized value for 282 kW/ha (114 kW/acre) is still higher than 70.4 kW/ha

(28.5 kW/acre).

For the 20-cm overpack, the results are relatively similar (Figures 2-25a,b). For the 45-cm
overpack, the results are provided in Figure 2.26. The 70.4 kW/ha (28.5 kW/acre) case does not
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have any container failure during the 100,000-year simulation period. The 141 kW/ha
(57 kW/acre) case produces earlier release and appears to level off, while the 282 kW/ha
(114 kW/acre) case begins release around 70,000 years, and is steadily increasing at
100,000 years. The normalized cumulative release for the 282 kW/ha (114 kW/acre) case is
significantly larger than for the 141 kW/ha (57 kW/acre) case. This may be due to the
45-cm overpack securing the 141 kW/ha (57 kW/acre) case canisters through the hot period so
when the outer container fails, the system has cooled.

2.2.2.2 Alternate Design

Comparison of the releases for designs with the same APD and different outer container
thicknesses is shown in Figures 2-27a and 2-27b. As might be expected, when the outer
container thickness is increased at a given APD, the release decreases. Especially, when the
container size is increased to 45 cm, the release drops substantially. At late times, 70.4 and
141 kW/ha (28.5 and 57 kW/acre) case releases begin to look similar. The results in Table 2-27
allow this comparison to be made for the S1 failure distribution for all APDs.

Comparison of the effect of increasing the thickness of the inner container for the Lamont (1993)
failure distribution shows increasing the thickness decreases the release (Figures 2-28a, 2-28b).
The decrease in release is always approximately 10 percent, independent of the failure
distribution type. ‘

2.2.2.3 Alternate Initiation of Aqueous Corrosion

A direct comparison of the release due to different failure distribution types is important in order
1o evaluate whether or not the difference in saturation or temperature has an effect on release.
For the 141 kW/ha (57 kW/acre), 10-cm outer container thickness, and .95-cm inner container
thickness, the saturation dependent failure distributions (S1: Stahl; L1: Lamont) provide greater
release than the temperature dependent failure distributions (S2: Stahl; L2: Lamont) (S1>82;
L1>L2) (Figures 2-29a, b and 2-30a, b). The difference is primarily in the early time release

when saturation dependent corrosion is active and temperature dependent corrosion is not active.

For the 282 kW/ha (114 kW/acre) case, the same relationship is present (S1>S82). When
comparing Stahl vs. Lamont for the same conditions (saturation or temperature corrosion
transition), the Stahl distributions provide greater release (S1>L1; S2>L2) (Table 2-27). The
difference between conceptualizations results is approximately a five percent difference in release,
hardly significant given the other uncertainties in the simulations.

2.2.3 Complementary Cumulative Distribution Functions of Waste Package Release

The waste package configurations presented in Section 2.2.2 were also simulated for multiple
realizations. The results of normalized cumulative release for 100 realizations are combined into
CCDFs for comparison purposes. Due to the minimal number of parameters with probability
distributions in TSPA 1993 (as most parameters ar¢ NOw functionally dependent on the
thermohydrologic environment), the CCDF results mimic the expected value results. The
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parameters which were sampled included pH, effective catchment area, '*C gap fraction, many
of the radionuclide solubilities and surface area of waste. The results are presented in the
following subsections for alternate thermal loads, alternate designs, and alternate
conceptualizations for corrosion initiation. The Reference Case CCDF is presented in
Figure 2-31 for 10,000 years and in Figure 2-32 for 100,000 years. The total CCDF is primarily
due to “C, ®'Np and ®Tc releases. [Note: The 100,000-year CCDF is normalized using the

same values as the 10,000-year CCDF.]

2.2.3.1 Alternate Thermal Loads

The CCDFs for alternate APDs for 10,000-year simulations are presented in Figure 2-33 and
CCDFs for 100,000 years are presented in Figure 2-34. As observed in the expected value cases,
the CCDFs from greatest to lowest release were 141, 282, and 70.4 kW/ha (57, 114, and
28.5 kW/acre). The CCDF for 100,000 years does not include 4C but the relationship between

APD:s still holds.

2.2.3.2 Alternate Design

A comparison of normalized release from alternate designs of outer container thickness (10 and
20 cm) for 10,000 years is shown in Figure 2-35. The 45-cm case is not shown because there
is no release at 10,000 years. The CCDFs for 100,000 years are presented in Figure 2-36.
Again, the 100,000-year CCDF does not include 4C, but the relative difference is similar to the
10,000-year CCDF. As observed previously, the CCDF release decreases as the overpack
thickness increases. A significant decrease in release is gained by simulating a 45-cm overpack.

2233 Alternate Initiation of Aqueous Corrosion

Cumulative releases associated with corrosion initiation differences are comparable in
Figure 2-37. CCDFs for 100,000 years are presented in Figure 2-38. The saturation dependent
corrosion initiation results in greater normalized release than the temperature dependent corrosion
initiation. Again, this is similar to the expected value case.

2.2.4 Sensitivity Analysis Results

While the uncertainty of the waste package parameters is recognized, the parameters as input to
RIP did not generally contain large uncertainty ranges. The pH and radionuclide solubility
(dependent on pH and temperature) are two parameters with significant uncertainty ranges
actually input to RIP. Sensitivity analysis in the form of scatter plot analysis was conducted on
these parameters to determine the overall impact of pH and solubility on radionuclide release.

In particular, the solubility of Np as a function of pH was evaluated due to its significant
contribution to the total release.
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The pH range evaluated in TSPA 1993 was from 6.0 - 9.0. Figures 2-39 to 2-41 show the scatter
plots for release relative t0 pH for the three APDs at 10,000 years and 100,000 years. These
simulations use the Stahl failure distribution conceptualization and saturation dependent corrosion
initiation. These plots include only the aqueous releases from the waste package (i.e., “C is not
included in the total release on these scatter plots. The correlation of pH to release disappears
from the 10,000-year plot to the 100,000-year plot for both the 141 and 70.4 kW/ha (57 and
28.5 kW/acre) cases. This trend can be traced to the observation that most of the release over
100,000 years is due to *'°Pb, a daughter of U. Due to the lower solubility at high pH, the
parents of ?'°Pb stay in the waste package thus yielding higher '°Pb releases but lower releases
of the parents at high pH. The exception to this is the highest APD case which has a general
increase in release with increasing pH. This may be due to the higher temperatures present at
time of failure. Solubility of Np changes more rapidly per degree change at higher temperatures
than at lower temperatures. : :

The effect of pH on solubility as it affects *"Np release is depicted in Figures 2-42 to 2-44. The
figures are very similar to Figures 2-39 to 2-41, indicating that evaluating the solubility of Np
as a function of pH is crucial to evaluating the overall release from the waste package. The
normalized release at 10,000 years for all three APDs shows a gradual decrease from a pH of
approximately 7.5 to 9. The normalized release at 100,000 years shows a greater independence
of pH except for the 141 and 70.4 kW/ha (57 and 28.5 kW/acre) cases at the upper pH

bound (9.0).

As a final scatter plot example, the Lamont failure distribution case for 141 kW/ha (57 kW/acre)
is presented in Figures 2-45 to 2-46, first for total release and then for Np. The trends are
similar to those shown in Figures 2-39 to 2-41. The normalized release at 10,000 years decreases
as pH increases from 7.5 to 9. At 100,000 years, the normalized release appears independent of
pH. The ®'Np normalized release shows correlation with pH both for the 10,000- and
100,000-year simulations, though the pH at which normalized release begins to decrease is
around 8.5 for 100,000 years and around 7 to 7.5 for 10,000 years.

23 CONCLUSIONS FROM WASTE PACKAGE ANALYSES

Several conclusions may be drawn from the waste package analysis results described in this
section. These conclusions are highlighted below and discussed in greater detail in Section 4.

» For the assumptions and conceptualizations presented, the releases from the waste
package according to thermal load are lowest from 70.4 kW/ha (28.5 kW/acre),
282 kW/ha (114 kW/acre), and then 141 kW/ha (57 kW/acre).

« As might be expected, the increase in container thickness provides a decrease in release
from the waste package for the time periods evaluated (up to 100,000 years). However,
the increase from 20 cm to 45 cm provided a substantially greater relative decrease in
the total release. This is due primarily to the significant number of intact 45-cm
overpack containers at 100,000 years.
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* The temperature dependent corrosion initiation proved to be less conservative than the
saturation dependent corrosion initiation conceptualization. Considerable uncertainty
and disagreement as to the appropriate conceptualization appears to exist.

« Dry oxidation rates appear inconsequential in the Stahl conceptualization even for very
high temperatures (500°C).  The Lamont conceptualization, however, provides
significantly greater penetration at high temperatures. The high temperatures expected
in a backfilled repository lead to significantly different release values when using the

Stahl or Lamont conceptualization.

« Both the Stahl and Lamont conceptualization appear to rapidly fail the inner container
(formerly the SCP case).

Additional work is required in order to reduce uncertainty related to several aspects of the waste
package analyses including: (1) corrosion rates (dry oxidation, general aqueous corrosion, pitting
corrosion), (2) corrosion initiation conditions (saturation, temperature dependencies), and
(3) radionuclide solubilities (especially “’Np). These factors contribute to the major radionuclide
releases from the waste package. Thus, reduction of the uncertainty in these parameters would
significantly reduce uncertainty in the waste package model.
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Table 2-1. Summary of Analysis Variations Evaluated in TSPA 1993

________——_—————'_———'—_T—-_
Outer Inner Failure

Areal Power Cas
Density Container Container Conceptualization' Label
(kW/acre) (cm) (cm) ~
28.5 10 95 S1 28.5/10/.95/S1
20 95 S1 28.5/20/.95/S1
45 95 Si 28.5/45/.95/51
57 10 95 S1,L1,82,L2 57/10/.95/S1
57/10/.95/L1
57/10/.95/S2
“ 57/10/.95/L2
10 35 L1, L2 57/10/3.5/L1
57/10/3.5/L.2
20 95 S1 57/20/.95/81
45 95 S1 57/45/.95/S1
114 10 95 S1,82,L2 114/10/.95/S1
114/10/.95/S2
114/10/.95/L.2
10 35 L1 114/10/3.5/L.1
20 95 S1 114/20/.95/S1
45 95 S1 114/45/.95/S1

I §1 = Stahl Failure Model: corrosion initiation is dependent on saturation - residual (8%)
S2 = Stah!l Failure Model; corrosion initiation is dependent on temperature - boiling (100°C)
L1 = Lamont Failure Model; corrosion initiation is dependent on saturation - residual (8%)

L2 = Lamont Failure Model; corrosion initiation is dependent on temperature - boiling (100°C).
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Table 2-2. Spent Fuel Waste Inventory

———————

ISOTOPE

ORIGEN2 SCP Design Multibarrier Waste
30 year Inventory' (Ci/Container)? Package Design
(CUMTHM) (CV/Container)’

TAc 1.97E-5 4.14E-5 1.92E4
WAmM 3.92E3 8.23E3 3.82E4
#MAm 2.34E1 491E1 2.28E2
WAm 2.82E1 5.92E1 2.75E2
"c 1.48E0 3.11E0 1.44E1
*C1 4 1.18E-2 2.48E-2 1.15E-1
#MCm 141E3 2.95E3 1.37E4
#Cm 4.27E-1 8.97E-1 4.16E0
WCm 9.38E-2 1.97E-1 4,14E-1
1335Cs 5.67E-1 1.19E0 5.52E0
18 3.72E-2 7.81E-2 3.62E-1
MNb 1.98E0 4.16E0 1.93E1
*Nb 8.91E-1 1.87E0 8.68E0
Ni 2.52E0 5.29E0 2.45E1
©Ni 3.31E2 6.95E2 3.22E3
Z'Np 4.87E-1 1.02E0 4.74E0

Bipa 3.59E-5 7.54E-5 3.50E4

A%pp 7.15E-7 1.50E-6 6.96E-6
17pd 1.37E-1 2.88E-1 1.33E0
Bipy 3.57E3 7.50E3 3.48E4
py 3.75E2 7.88E2 3.65E3
Hopy 5.73E2 1.20E3 5.58E3
Mpy 3.56E4 7.48E4 347E5
Hpy 2.18E0 4.58E0 2.12E1

2%Ra 2.64E-6 5.54E-6 2.57E-5

| %Ra 3.36E-10 7.06E-10 3.27E-9
™Se 4,80E-1 1.01E0 4.67E0
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Table 2-2. Spent Fuel Waste Inventory (Continued)

ISOTOPE ORIGEN2 SCP Design Multibarrier Waste
30 year Inventory' (C¥/Container) Package Design
(CVUMTHM) (CVContainer)’
151Sm 3.77E2 7.92E2 3.67E3
126Sn 9.25E-1 1.94E0 9.01E0
®Tc 1.51El 3.17E!} 1.47E2
#Th 4.32E-7 9.07E-7 4.21E-6
B°Th 3.79E4 7.96E4 3.69E-3
DTh 4.71E-10 9.89E-10 4.59E-9
™y 7.82E-5 1.64E-4 7.62E-4
By 1.43E0 3.00E0 1.39E2
a0 1.68E-2 3.53E-2 1.64E-2
Béy 2.93E-1 6.15E-1 2.85E0
By 3.14E-1 6.59E-1 3.06E0
/s 2.58E0 541E0 2.51E1

! Assumes 40,747 MTHM PWR with burnup 42,300 Mwd/MTHM
Assumes 22,253 MTHM BWR with burnup 32,250 Mwd/MTHM. See Appendix C. ORIGEN2

(Croff, 1983).
2.1 MTHM/container.

- w ow

9.74 MTHM/container, 21 PWR case.
Chlorine inventory assumed to be nongaseous release.
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Table 2-3. High-Level Waste Inventory

—————
—

Isotope TSPA 1993 HLW Isotope TSPA 1993 HLW
Inventory Inventory
(Ci/Container) * (CV/Container) '
TAc 6.02E4 29y 4.73E0
*Am 8.65E1 #opy 3.30E0
=AM 2.06E-2 Uipy 5.02E-3
*Am 3.67E-2 Uipy 1.48E2
*Cm 1.14E1 ~ PRa 9.37E-8
®Cm 5.64E-5 ™Se 9.18E-2
#Cm 6.39E-6 ®Tc 3.30E0
135Cs 1.15E-1 Th 1.51E-5
18] 1.90E-6 B0Th 1.24E-5
%Nb 3.02E-5 B2Th 1.05E4
$=Nb 5.48E-1 By 5.84E-4
*Ni 2.70E-2 By 5.00E-2
Z'Np 2.83E-2 By 7.93E-5
Z'pa 9.74E4 By 4.35E4
1%} 2.72E-8 By 3.78E-3
Bipy 4.00E2 BZr 7.01E-1
! Assumed 4 canisters per container. Source: DOE (1987).
-
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Table 2-4. Elicited General Corrosion Rates for Overpack (After Lamont, 1993)

Expected Failure (yr)'

M

! Failure times are calculated assuming corrosion begins at time = 0 and failure occurs when

penetration = overpack thickness.

2-30

Temperature General Corrosion
(&) Rate (mm/yr)
10 cm 20 cm 45 cm
overpack overpack overpack
20 A2 833 1667 3750
80 38 263 526 1184
100 20 500 1000 2250

4 |
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Table 2-5. Pitting Corrosion Rates (After Lamont, 1993)
Inner Container Thickness "
Growth 95 cm 35cm ||
Condition |
70°C 100°C 70°C 100°C }
g p Time to g ] Time to g P Time to g P Time to
(mm/ Fallure (mm Fallure (mm Fallure (mm Failure
yv) o' | Av o' | w0 o' Iye) o' |
Low growth rate .003 033 95960 299 033 963 003 033 353,535 299 033 3547 {
(5 percentile)
Median growth 030 033 9596 2.994 033 96 030 033 35,354 2994 .033 354
rate
(50 percentile)
High growth rate 299 033 963 29.939 033 10 299 033 3547 29.939 033 35
(95 percentile) .

I Time to failure is calculated external to Lamont’s mode

Note: g = growth rate
p = probability

] assuming growth of a pit occurs each year at the given probability. The
time required for the penetration of the inner container by the pit is called time to failure.



N

N

Table 2-6. Failure Time and Fraction of Container Susceptible
to Certain Temperature Zone (Bullen, 1993)

—_————-—Ii e

Parameter 28.5 kW/acre 57 kW/acre - 114 kW/acre -

- conduction conduction conduction

SCP | Steel SCP Steel SCP Steel
Mean early failure time (yrs) 500 500 500 500
Mean failure time- 2400 2400 2400 2400
alpha (yrs)
Mean failure time - 400 425 400 425
beta (yrs)
Failure rate parameter - 2 2 2 2
alpha and beta
Dry-out time - 0 0 2000 2000 2000 2000
alpha (yrs)
Fraction failed at .001 | .001 .001 .001 - .001 .001
emplacement
Fraction susceptible to early 004 | .004 .004 .004 004 .004
failure
Fraction - alpha - wet 02 02 .05 05 005 .005
Fraction - alpha - dry 325 | 325 .65 .65 045 .045
Fraction - beta - wet 04 .04 01 01 0 0
Fraction - beta - dry 56 .56 09 09 0 0

Note: Alpha and beta represent different thermal profiles.
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Table 2-7a. Calculated Time to Failure (Years) Due to General Corrosion
Using Stahl Corrosion Model - 28.5 kW/acre'

RING Overpack Thickness
10 cm B 20 cm 45 cm
1 >100,000 B >100,000 >100,000
2 >100,000 >100,000 >100,000
3 >100,000 >100,000 >100,000
4 >100,000 >100,000 >100,000
5 >100,000 >100,000 >100,000
6 >100,000 >100,000 >100,000
7 >100,000 >100,000 >100,000

Table 2-7b. Calculated Time to Failure (Years) Due to Pitting Corrosion
Using Stahl Corrosion Model - 28.5 kW/acre!

- e
RING Overpack Thickness

| 10 cm ~ 20 cm 45 cm
1 4400 ) 38,000 >100,000
2 4800 40,000 >100,000
3 5200 42,000 >100,006
4 5600 45,000 >100,000
5 6500 50,000 >100,000
6 8000 56,000 >100,000
7 ~ 12,@_ 68,000 >100,000

Assumes corrosion begins at time = 0 years.
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Table 2-8a. Calculated Time to Failure (Years) Due to General Corrosion
Using Stahl Corrosion Model - 57 kW/acre!

BB Overpack Thickness “
10 cm 20 cm 45 cm “
52,000 >100,000 >100,000 X
57,500 >100,000 >100,000
62,000 >100,000 >100,000
69,000 >100,000 >100,000
77,500 >100,000 >100,000
92,000 >100,000 >100000 |
>100,000 4 >100,000 >100,000 "

Table 2-8b. Calculated Time to Failure (Years) Due to Pmmg Corrosion
Using Stahl Corrosion Model - 57 kW/acre'

e —
.

RING Overpack Thickness “
- 10 cm 20 cm | 45 cm J\
1 660 3500 79,000 1

2 690 3925 84,000

3 730 4400 90,000

4 820 5025 96,000

5 970 6200 >100,000

6 1425 8900 >100,000
7 | ﬂl@_ _ w;*)_kak >100ﬂ |

1

Assumes corrosion begins at time = 0 years.
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Table 2-9a. Calculated Time to Failure (Years) Due to General Corrosion
Using Stahl Corrosion Model - 114 kW/acre'

I RING | Overpack Thickness
10 cm 20 cm 45 cm
1 46,800 >100,000 >100,000
2 48,300 >100,000 >100,000
3 51,400 >100,000 >100,000
4 54,400 >100,000 >100,000
5 35,900 >100,000 >100,000
6 42,100 >100,000 >100,000
7 19,100 - >100,000 >100,000
Table 2-9b. Calculated Time to Failure (Years) Due to Plttmg Corrosion
Using Stahl Corrosion Model - 114 kW/acre'
RING Overpack Thickness
_ 10 cm 20 cm 45 cm
1 6250 13,600 61,300
2 6350 14,800 64,300
3 6450 15,100 67,300
4 6650 16,350 68,900
5 3950 8400 51,100
6 4250 9500 57,600
7 950 2950 81,700

I Rings 1-4 have dryout of 3160 years, Rings 5-6 have dryout of 1780 years, and Ring 7 has
no dryout period.
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Table 2-10. Calculated Time to Failure (Years) Due to Pitting Corrosion

Using Stahl Corrosion Models - 57 kW/acre and

114 kW/acre - 100°C switchpoint

57 kW/acre - 114 kW/acre -
100°C switchpoint’ 100°C switchpoint®
e.__ﬁ I
RING Overpack Thickness Overpack Thickness
__ 10 cm’ 10 ¢cm*
L 1 4840 15,750
2 2710 15,150
3 3370 14,370
4 2560 13,670
5 - 1210 13,060
6 1710 11,250
7 3810 6540 _

I Assumes corrosion initiation begins at the following times: Rings 1-3 = 1,000 years;

Ring 4 = 316 years; Rings 5-7 = 0 years.
?  57/10/.95/82.

3 Assumes corrosion begins at the following times: Ring 1= 6,600 years; Ring 2 = 6,400 years;
Ring 4 = 5,700 years; Ring 5 = 5,300 years;
from O - 300 years and then stops until

Ring 3 = 6,000 years; Ring 4 = 5,700 years;

Ring 6 = 4,800 years; for Ring 7, corrosion occurs

3,600 years.
4 114/10/.95/82.
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Table 2-11a. RIP Implementation of Failure Time for 28.5 kW/acre

Using Stahl Corrosion Model (Pitting)’

Ring 10 cm 20 cm 45 cm
Start Duration Start Duration Start Duration
1 3300 2200 28,000 19,500 100,000 100,000
2 3600 2400 30,000 20,000 100,000 100,000
3 3900 2600 31,500 21,000 100,000 100,000
4 4200 2800 33,750 | 22,500 100,000 100,000
5 4875 3250 37,500 25,000 100,000 100,000
6 6000 4000 42,000 28,000 100,000 100,000
7 9000 6000 51,000 34,000 100,000 100,000
Table 2-11b. RIP Implementation of Failure Time for 57 kW/acre
Using Stahl Corrosion Model (Pitting)'
Ring 10 cm 20 cm 45 cm
Start Dtlration Start Duration Start Duration
1 495 330 2625 1750 59,250 39,500
2 520 340 2945 1965 63,000 42,000
3 550 360 3300 2200 67,500 45,000
4 615 410 3770 2510 72,000 48,000
5 730 - 480 4650 3100 100,000 '100,000
6 1070 710 6675 4450 100,000 100,000
7 2325 1550 147,475 9650 100,000 100,000
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Table 2-11c. RIP Impleme
Using Stahl Corrosion Model (Pi

ntation of Failure Time for 114 kW/acre

mng)l-z

I 95 cm inner container thickness.

2 Time to resaturate above 8 percent saturation for eac

3160 years; Rings 5-6 are 1780 years; Ring 7 is O years.

Note: All times are in years.

2-38

Ring 10 cm 20 cm 45 cm “
Start Duration | Start | Duration | Start | Duration \
1 4690 B 2850 10,200 6800 46,000 30,600 1

2 4760 3180 11,100 7400 48,200 32,200

3 4840 3220 11,300 7550 50,450 33,700

4 4990 3320 12,250 8200 51,650 34,500

5 2960 1980 6300 4200 38,300 25,600

6 3190 2120 7100 4800 43,200 28,800

7 L__7 10 480 2200 _L_=EOO 61,250 40,900

h of the rings is as follows: Rings 1-4 are

1\“
il
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" Table 2-12. RIP Implementation of Failure Time for 57 kW/acre
and 114 kW/acre Using Stahl Corrosion Model

(Pitting) - 100°C switch to aqueous corrosion

57 kW/acre 114 kW/acre Jl
Ring 10 cm 10 cm |
Start Duration || Start Duration

1 3630 2420 11,800 7880
2 2340 1550 11,350 7580
3 2510 1680 10,750 7200
4 1910 1280 10,250 6830
5 900 610 9800 6525
6 1290 860 8430 5630
T 2850 1910 4900 3275

Note: All times are in years.
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Table 2-13. Calculated Time to Failure for General Corrosion Using
Lamont Corrosion Model - 57 kW/acre'

Ring Overpack Thickness
10 cm 20 cm 45 cm
1 650 1150 2025
2 600 1050 1900
3 575 975 1800
4 475 850 1650
5 400 725 1500
6 300 600 1300
7 275 500 1175
! Assumes corrosion begins at time = 0 years.
Note: All times are in years.
2-40
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Table 2-14. Calculated Time to Failure for Pitting Corrosion Using Lamont

Corrosion Model - 57 kW/acre (10 cm overpack)

Ring 95 cm’ 3.5 cm?

median B Sth 95th median 5th 95th

1 750 1500 700 1050 >100,000 700

2 700 28,000 625 1050 >100,000 650

3 650 43,000 525 1200 >100,000 600

4 600 58,000 450 1700 >100,000 500

5 700 70,000 400 10,000 >100,000 500

6 1200 82,000 300 20,000 >100,000 525

| 7 ﬂ4400 91,000 250 30,000 >100,000 650

' 57/10/.95/L1 = See Table 2-1.
2 57/10/3.5/L1 = See Table 2-1.

Note: All times are in years.
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Corrosion Model and 57 kW/acre - 100°C switchpoint

Table 2-15a. Calculated Time to Failure for Pitting Corrosion Using Lamont

Ring 95 cm! 3.5 cm?
. median Sth 95th median Sth 95th
1 - 1600 62,800 1380 3850 >100,000 1440
2 1390 67,300 1160 7400 >100,000 1220
3 1110 64,800 930 4700 >100,000 970
4 910 66,300 670 6100 >100,000 730
5 750 69,800 410 9900 >100,000 490
6 1230 81,100 310 21,500 >100,000 520
7 ﬂ4300 89,900 260 29,800 >100,000 640
1 57/10/.95/L2

2 57/10/3.5/L2

Corrosion Model and 114 kW/acre - 100°C switchpoint

e

Table 2-15b. Calculated Time to Failure for Pitting Corrosion Using Lamont

Ring 95 cm’ 3.5 cm?

median Sth 95th median Sth 95th

1 7160 9470 7030 7560 >100,000 7070

2 6970 8800 6840 7350 99,000 6880

3 6570 8330 6430 6940 >100,000 6480

4 6220 8000 6100 6600 >100,000 6140

5 5860 7850 5730 6280 >100,000 5770

6 5350 7600 5230 5800 >100,000 5260

7 3790 5250 3690 J_IOO >100,000 3720
| 114/10/.95/L2.
2 114/10/3.5/L2.

Note: All times are in years.
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Table 2-16. RIP Implementation of Pitting Corrosion for Inner Container with

10 ¢m overpack for 57 kW/acre Using Lamont Corrosion

Model - 8 percent saturation - Weibull distribution’

s R
— —
Inner Container Thickness
Ring 95 cm 3Scm
Start Slope Duration Start Slope Duration

F —
1 700 2.112 59.5 700 0.259 1439.7
2 625 0.249 326.7 650 0.265 1591.5
3 525 0.252 536.3 600 0.286 2157.0
4 450 0.246 664.1 500 0.331 3627.5
5 400 0.269 1171.7 500 0.623 17,106.4
6 300 0.325 2780.5 525 0.897 29,296.8
7 250 0.475 8979.2 650 1.200 39,830.0

I Assumes corrosion begins at time = 0.

Note: All times are in years.
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Table 2-17a. RIP Implementation of Pitting Corrosion for Inner Container with

10 cm overpack for 57 kW/acre Using Lamont Corrosion Model -
100°C switchpoint - Weibull distribution'

Inner Container Thickness
Ring 95 cm? 3.5 cm®
‘ Start Slope Duraiii)n Start Slope Duration
1 1380 0.260 901.3 1440 0.394 6103.6
2 1160 0.259 949.3 1220 0.528 12,370.6
3 930 0.249 783.1 970 0.446 8478.0
4 670 0.261 978.2 730 0.502 11,147.9
5 410 0.275 1287.8 490 0.621 16,985.2
6 310 0.327 2821.4 520 0.940 30,978.4
7 260 0472 87:]9.1 640 1.194 39,637.6

! Assumes corrosion begins at the following times: Rings 1-3 = 1,000 years;
Ring 4 = 316 years; Rings 5-7 = 0 years.

? 57/10/.95/L2.
> 57/10/3.5/L2.
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Table 2-17b. RIP Implementation of Pitting Corrosion for Inner Container with

10 cm overpack for 114 kW/acre Using Lamont Corrosio

100°C switchpoint - Weibull distribution'

n Model -

Inner Container Thickness
Ring 95 cm’ 35 cm’
L Start Slope Duration ___Sil;l;t Slope Dm-_aii_o_n_T
1 7030 0.524 261.5 7070 0.279 1822.2
2 6840 0.539 256.4 6880 0.277 1762.3
3 6430 0.561 270.0 6480 0.275 1740.7
4 6100 0.530 239.6 6140 0.275 1742.3
5 5730 0.524 261.5 5770 0.280 1884.2
6 5220 0.503 269.2 5260 0.283 1969.38
7 3690 0.533 198.9 3720 0.264 1519.5

I Assumes that corrosion begins at the following times: Ring 1 = 6,600 years;
Ring 2 = 6,400 years; Ring 3 = 6,000 years; Ring 4 = 5,700 years; for Ring 7, corrosion occurs

from 0-300 years and then stops until 3,600 years.
2 114/10/.95/1.2.
3 114/10/3.5/1L2.

Note: All start times are in years.
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Table 2-18. Solubilities for TSPA 1993

e

RN Solubility (g/m’) Functional Form Source
Ac f(T)--Same as Am Same as Am Elicitation, (Nitsche
et al., 1992a,b)
Am f(T) See Table 2-19a Nitsche et al.,
(1992a,b)
C NA (gaseous) NA (gaseous) Golder (1993)
Cm f(T) T < 55°C, [LT: 1.2e-6, 1.2e-5, 1.2e-4] Wilson (1990)
T > 55°C, [LT: 1.5¢-10, 1.5e-9, 1.5¢-8]
Cs LT: 1.2, 3.9e+2, LT: 1.2, 3.9e+2, 2.1e+3 Golder (1993),
2.1e43 EPRI (1992)
I NA (gaseous) NA (gaseous) Golder (1993)
Nb LU: 9.3e-5, 9.3e-3 LU: 9.3e-5, 9.3¢-3 Elicitation
Ni LB: 5.9e-2, 5.9e+3, | 10**[2.0212%(0.25*DIST3+1)] Elicitation
105, 0.25 ’
Np f(T) See Table 2-19b Nitsche et al.,
(1992a,b)
Pa LU: 2.3e-5,23 10**(5*DIST2-4.6383) Elicitation
Pb LB: 2.1e-3, 2.1, 10**[-1.1805*(0.08*DIST3+1)] Elicitation
6.6e-2, 0.08
Pu f(T) See Table 2-19¢ Nitsche et al.,
(1992a,b)
Ra LB: 2.3e-4, 2.3, 10**[-1.6383*(0.1*DIST1+1)] Elicitation
2.3e-2, 0.1
Se LT: 7.9e+2, LT: 7.9e+2, 7.9e+3, 5.5¢e+5 Golder (1993),
7.9e+43, 5.5e+5 EPRI (1992)
Sm f(T)--Same as Am Same as Am Elicitation, (Nitsche
et al., 1992a,b)
Sn U: 1.3e-6, 1.3e-2 0.013*DIST2+1.3e-6 Elicitation
Sr LB: 9.0e-2, 90, 10**[0.9542*(0.12*DIST1+1)] Elicitation
9.0, 0.12
Tc LT: 3.5e-2, le+2, LT: 3.5e-2, le+2, 9.9e+5 Golder (1993),
9.9e+5 EPRI (1992)
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Explanation:

RN = radionuclide
All solubilities have units of g of element/m’ of solution.

DIST1 = Normal distribution withp=0and 6= 1; for Ra and Sr.
DIST2 = 0 to 1; Uniform; for Pa, Sn, Th, Zr.

DIST3 = Normal distribution with p = 0 and ¢ = 1; for Ni and Pb.

pH = 6 to 9, uniform.
LB = log-beta distribution;

RN | Solubility (g/m*) Functional Form Source
Th LU: 2.3e-5, 2.3e-2 | 10**(3*DIST2-4.6383) Elicitation
U f(T)--Same as Np Same as Np Elicitation, (Nitsche
et al., 1992a,b)
i LU: 9.1e-8, 9.1e-3 10**(5*DIST2;7.2410) Elicitation

LT = log-triangular distribution; min, expected value, max.
LU = log-uniform distribution; min, max.

N = normal distribution; mean, standard deviation.

U = uniform distribution; min, max.

e+ = positive power of ten.
e- = negative power of ten.

2-47

min, max, expected value, coefficient of variation.
These are approximated by a log-normal distribution.
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Table 2-19a. Temperature- and pH-Dependent Solubilities for Americium

[- Solubility for the given temperature range (gm/m’)

PH T < 42.5°C 425°C < T <75°C 75°C < T
<6.5 N: 4.4e-4, 1.5¢4 N: 6.le-1, 1.7e-1 N: 4.1e4, 4.1e4
6.5<pH<7.75 N: 2.9e-4, 0.7e-4 N: 2.4e-3, 2.2e-3 N: 7.5e-5, 4.1e-5
>7.75 B N: 5.8e-4, 4.6e4 N: 2.9e-3, 2.9¢-3 N: 8.3e-5, 5.1e-5

N: Normal distribution; mean, standard deviation

Table 2-19b. Temperature- and pH-Dependent Solubilities for Neptunium

Solubility for the given temperature range (gm/m’*)
pH T < 42.5°C 42.5°C < T < 75°C 75°C < T
<65 N: 1.3e+3, 0.07e+3 N: 1.5e+3, 0.09e+3 N: 2.8e+2, 0.2e+2
6.5<pH<7.75 N: 3.le+l, 0.5e+1 N: 2.3e+2, 0.2e+2 N: 3.6e+1, 0.9e+1
>7.75 N: 1.0e+l1, 0.2e+1 _Ii: 2.4e+1, 0.2e+1 N: 2.le+l, 0.09e+1

N: Normal distribution; mean, standard deviation

Table 2-19c. Temperature- and pH-Dependent Solubilities for Plutonium

Solubility for the given temperature range (gm/m’)
pH T < 42.5°C 425°C < T <75°C 75°C < T
<65 N: 2.6e-1, 1.0e-1 N: 6.5e-3, 2.6e-3 N: 1.5e-3, 0.5e-3
6.5<pH<7.75 N: 5.5e-2, 3.4e-2 N: 8.9e-3, 2.2¢-3 N: 2.le-3, 0.2e-3
>7.75 N: 7.0e-2, 1.9e-2 N: 2.9e-2, 0.2e-2 N: 1.8e-3, 0.1e-3

N: Normal distribution; mean, standard deviation
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Table 2-20. Comparison of TSPA 1991 Container Parameters With TSPA 1993 Container Parameters

RIP TSPA 1991 TSPA 1993 TSPA 1993
MODEL PARAMETER RIP RIP RIP
BASE CASE SCP BASE CASE MPC BASE CASE 21PWR
57 kW/acre
No. packages PWR -- 19,980 | 30,000 -- Spent Fuel 6468 - Spent Fuel (1078/ring)
BWR -- 13,320 | 14,000 -- HLW 3829 -- HLW
no HLW
Waste burnup (MWd/MTHM) PWR -- 33,000 | 38,747 -- Combined 42,300 - PWR
BWR -- 27,500 32,250 - BWR
39,075 combined
Mass waste/pkg = MTHM in 2.1 MTHM/pkg | 2.1 MTHM/pkg for PWR/BWR 9.74 MTHM/pkg for PWR/BWR

repository/# of waste containers

.5 MTHM/pkg-HLW

1.828 MTHM/pkg-HLW

]
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Table 2-21a. Comparison of TSPA 1991 Inventory Parameters With TSPA 1993 Parameters

INVENTORY TSPA 1991 TSPA 1993 7SPA 1993—_
RIP RIP RIP
BASE CASE SCP BASE CASE! | MPC BASE CASE'
(Ci/container?) (Ci/container?) (Ci/container?)
*»Am 32.34 59.2 274.668
“C 1.54 3.29 144
1BCs 7371 1.19 5.52
1291 06195 0781 3.62
%Np 2.352 1.02 4.74
Bpy 646.8 788. 3.65
PSe .8001 1.01 4.67
126Sn 1.5015 1.94 9.01
PTc 25.83 31.7 1.47
el 8] 3.969 3.0 1.39

! TSPA 1991 is for 10-year-old fuel. TSPA 1993 inventory is for 30-year-old fuel. 28 additional
radionuclides are included in the TSPA 1993 inventory, which includes parents of ¥'Np.

2 Ci/container = CVUMTHM * 2.1 MTHM/container.

3 Ci/container = CVMTHM * 9.2 MTHM/container.

2-50
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Table 2-21b. Comparison of TSPA 1991 Inventory Parameters With TSPA 1993 Parameters

v—

INVENTORY TSPA 1991 TSPA 1993 TSPA 1993
BASIf‘.ugASE SCpP B}:gﬂ CASE MPC BKSH;Z CASE
Gap Fraction Gap Fraction Gap Fraction
*Am 0 - 0 - 0
c .02 02 0.0125 —0.0575:
Uniform
133Cs .02 .02 .02
1] .02 02 .02
®'Np 0 0 0
Pu 0 0 0
"Se 02 .02 .02
12650 0 0 0
#Tc 02 02 02
Bu 0 0 0
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Table 2-21c. Comparison of TSPA 1991 Inventory Parameters With TSPA 1993 Parameters

TSPA 1991 TSPA 1993

INVENTORY TSPA 1993
RIP RIP RIP
- BASE CASE SCP BASECASE MPC BASE CASE
Solubility (g/m’) Solubility (g/m’) Solubility (g/m?)
%Am LU: 2.92E-6, 9.2E4, (see Table 2-19) (see Table 2-19)
1.6E-4
“C gas gas gas
135Cs infinite LT:1.2,3.9E2,2.1E3 | LT:1.2,3.9E2,2.1E3
139 infinite gas gas
®Np LU: 1.40E-5, 4.50E-3, (see Table 2-19) (see Table 2-19)
7.82E4
B9py LU: 3.82E-5, 1.22E-2, (see Table 2-19) (see Table 2-19)
2.10E-3
PSe infinite LT:7.9E2,7.9E3, LT:7.9E2,7.9E3,
5.5E5 5.5E5
126Sn LU: 1.26E4, 4.03E-2, (see Table 2-18) (See Table 2-18)
6.93E-3
PTc infinite LT:3.5E-2, 1E2, LT:3.5E-2,1E2,
9.9ES 99ES
By LU: 1.66E-5, 5.38E-3, (see Table 2-18) (see Table 2-18)
9.36E-4

LU = Log-uniform: min, max, expected values

LT = Log-triangular: min, middle, max
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Table 2-21d. Comparison of TSPA 1991 Inventory Parameters With TSPA 1993 Parameters

INVENTORY T;;;]”l TSPA 1993 TSPA 1993
RIP RIP RIP
BASE CASE SCP BASE CASE MPC BASE CASE
Activity (Ci/g) Activity (Ci/g) Activity (Ci/g)
*»Am 2.E-1 2.E-1 2.E-1
“C 62.4 Ci/mol 62.4 Ci/mol 62.4 Ci/mol
1¥5Cs 1.15E-3 1.15E-3 1.15E-3
1291 | 1.77E-4 1.77E4 1.77E-4
“'Np 7.06E-4 7.06E-4 7.06E-4
PPy 6.22E-2 6.22E-2 6.22E-2
"Se 6.98E-2 6.98E-2 6.98E-2
126Sn 2.84E-2 2.84E-2 2.84E-2
PTc 1.7E-2 1.7E-2 - 1.7TE-2
U 6.26E-3 6.26E-3 6.26E-3
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Table 2-22. Comparison of TSPA 1991 Waste Package Failure
Parameters With TSPA 1993 Parameters

TSPA 1991 MODEL
PARAMETER

TSPA 1991
RIP
~ BASE CASE

Beginning of
resaturation period (yr)

500 yrs: constant

TSPA 1993
RIP
BASE CASE

varies with thermal load

Duration of
resaturation period (yr)

300 -1300 yrs: uniform

varies with thermal load

Container lifetime
when wet (yr)

(1) Weibull:1, 1650

(2) LU: 500-10,000; gradual
failure '

(3) LU: 500-10,000; all fail at
once

(4) LU: 500-10,000; sample
maximum failure and fail
gradually to that time

varies with thermal load

_

LU = Log-uniform: min, max, expected value
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Table 2-23. Comparison of TSPA 1991 Exposure Parameters With TSPA 1993 Exposure Parameters

TSPA 1991 MODEL PARAMETER RIP MODEL PARAMETER [ TSPA 1991 RIP TSPA 1993 RIP
BASE CASE BASE CASE
Fraction of containers with rubble in (1) fraction of containers in water (1) dependent on flux (1) dependent on flux, I
air gap contact mode 3 2 S5 temperature,
- moist continuous 30 saturation
(2) Fraction of waste wetted (4) SNL moist diff. coeff. | (2) 1.0
(3) ECA! (3.E-6 - 3.E-4: LUy (3) 8.546.5 m®
(4) EDC? (4) Conca Curve
Fraction of fuel wet with seepage (1) fraction of containers in water (1) dependent on flux N/A
contact mode 2 @) 5
- wet drip 31
(2) Fraction of waste wetted @0
(3) ECA
4) EDC
Fraction of fuel wet and diffusing (1) fraction of containers in water (1) dependent on flux N/A
contact mode 1 2) .5
- wet feet 31 ‘
(2) Fraction of waste wetted (4) SNL wet diff. coeff.
(3) ECA (9.E4 - 9.E-3: LU)
4) EDC
Nominal case - no release (1) fraction of containers in water (1) dependent on flux N/A
contact mode 4
- nominal case
Air alteration rate 0 0
Matrix alteration rate (1/yr) Matrix dissolution rate (g/mzlyr) LU: SE-5, 1E-3, 3.17E4 Temp. dependent
(see text)
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Table 2-23. Comparison of TSPA 1991 Exposure Parameters With TSPA 1993 Exposure Parameters (Continued)

TSPA 1991 MODEL PARAMETER RIP MODEL PARAMETER TSPA 1991 RIP TSPA 1993 RIP -
BASE CASE BASE CASE
Surface area of matrix (m%/g) 1 SF: ASF/(1.10062E7):
(combined with matrix dissolution ‘ ASF = ASF1*ASF2
rate) Spent fuel = 78-107
uniform
ASF2 = 1-100 uniform
HLW: AHL/(7.012E6):
AHL = 200-600
Prompt alteration rate (1/yr) N/A -- radionuclides put in gap N/A N/A
fraction ‘
| Spent fuel surface area (m?) per Included in water volume 07 N/A
package contacting matrix (m’) (= surface
area * water film thickness *
fraction of fuel wet)
Water film thickness (mm) Included in water volume 07 Water volume contacting
contacting matrix (m’) matrix: ASF*DWATER :
DWATER = .001
thickness of water layer
contacting matrix
I ECA = effective catchment area
2 | U = log-uniform: min, max, expected value
3 EDC = effective diffusion coefficient
( { { | I I a1 1 | | 1 1 | | | l




Table 2-24. Comparison of TSPA 1991 Transport Parameters
With TSPA 1993 Transport Parameters
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TSPA 1991 MODEL RIP TSPA 1991 TSPA 1993
PARAMETER MODEL RIP RIP
PARAMETER BASE CASE BASE CASE
Moist diffusion Effective diffusion | LU: 3E-6, 3E4, - curve fit to
coefficient (m?/yr) coefficient (m%yr) | 6.45E-5 Conca data
Wet diffusion coefficient Effective diffusion | LU: 9E4, 9E-3, - curve fit to
(m¥yr) coefficient (m%yr) | 3.52E-3 Conca data
Flux coefficient of None N/A N/A
variation
Percolation rate (mm/yr) Repository Beta: VTOUGH
infiltration rate .001,.0009,0,.039 results
(m/yr) (only for contact
modes 1,2)
Effective diffusion area Geometric factor A 28.05*N*(fs):
(m?) for diffusion (m) (only for contact N = porosity of
modes 1,3) backfill = .1-.3;
fs = 1 if sat>.08
Water collection area Effective contac 1 =1 see ECA
(Arg) (m?) catchment area contac 2 = 1
(m2) = water contac 3=0
collection area * contac 4 =0
fraction of
seepage entering
container
Rubble thickness (cm) Delay pathway (1) 3 cm air gap In-drift
: (only in moist (2) did not evaluate emplacement:
continuous) in-drift .5 m crushed
emplacement tuff zone

LU = Log-uniform: min, max, expected value
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Table 2-25. Waste Package Configurations —57 kW/acre (Memory, 1993)

Characteristic 21 PWR “
95/10 cm 95/20 cm 95/45 ¢cm ‘
# of Waste | SF 7674 7674 7674
Packages
HLW 3257 3257 3257
Length 4831 5.031 5.531
Diameter 1.7519 1.9519 - 2.4519
2-58
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Table 2-26. Normalized Cumulative Release from the Waste Package for Reference Case

ISOTOPE Normalized Normalized
Cumulative Release Cumulative Release
(10,000 yr) (100,000 yr)
WAc 4.52E-3 1.77E1
#Am 6.48E-2 1.37E-1
¥MAm 1.64E-7 1.64E-7
3 Am 9.59E-2 1.67EO
e 2.59E0 3.13E0
%Cl 1.48E-2 4.84E-2
#Cm 3.96E-16 3.96E-16
#Cm 3.93E-8 1.83E-3
#6Cm 4.96E-9 1.14E-5
135Cs 1.61E-1 5.17E-1
1297 9.95E-2 3.25E-1
N " 142E-15 1.42E-15
“Nb 2.66E-3 3.24E-2
*Ni 6.14E-1 1.76E0
SNi 1.91E-2 1.91E-2
BINp 3.69E0 1.34E1
Blpa 1.05E-2 2.70E-1
219pp 1.81E-1 3.19E2
197pd 3.46E-2 1.19E-1
Bépy 1.60E-6 1.60E-6
%py 4.13E-2 1.30E0
20py 2.78E-2 1.06E-1
#ipy 1.30E-14 1.30E-14
upy 1.76E-4 2.47E-2

2-59



i

75

| 2

9

Table 2-26. Normalized Cumulative Release from the Waste Package for Reference Case

(Continued)
ISOTOPE Normalized Normalized
Cumulative Release Cumulative Release
(10,000 yr) (100,000 yr)
Z%Ra 9.69E-1 2.07E1l
Z’Ra 1.93E-2 1.29E-1
"Se 1.30E-1 3.37E-1
B1Sm 4 45E-4 4.45E4
'%Sn 1.31E-3 1.59E-2
- ®Tc 4.25E-1 1.28
2°Th 1.21E-4 5.78E-3
*°Th 2.17E-2 2.44E-1
ZITh 8.33E-8 1.22E-6
2y 9.52E-4 4.32E-2
™y 8.76E-2 6.57E-1
By 1.69E4 3.37E-3
By 2.87E-3 5.22E-2
a8 3.51E-3 4.28E-2
L $Zs 7.@_—7 9.86E-6

Normalized to 40 CFR 191 Table 1
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Table 2-27. Summary Results for 10,000 and 100,000 Year Normalized
Cumulative Release from the Waste Package

omt———

v

—

e —

Design’ Total 4C Total %'Np Total *Tc Total 10pp
Normalized Normalized Normalized Normalized Total

Cumulative Cumulative Cumulative Cumulative Normalized

Release Release Release Release Cumulative

L== Release

F 57/10/.95/51 9.3/ 383. 26/3.13 3.7/134 _0.4?/ 1.28 0.18 / 319.
57/20/.95/51 4.3/ 369. 1.1/ 1.70 19/13.1 021/1.22 0.05 / 309.
57/45/.95/S1 0 /289 0 /14E4 0 /23 0 /018 0 /23
114/10/.95/51 5.5/ 326. 1.3/2.14 1.2/ 143 031/1.36 0357 14.

J 114/20/.95/51 2.0/7304. 0.1/0.89 03/14.0 0.06 / 1.31 0.02/125
114/45/.95/51 0 /145 0 /4.3E3 0 /99 0 /082 0 /6.1
28.5/10/.95/81 2.9/ 315. 0.7/122 127117 0.14 / 1.06 0.02 / 263.
28.5/20/.95/S1 0 /182 0 /0.02 0 /84 0 /070 0 /154
28.5/45/.95/S1% 0/0 0/0 0/0 0/0 0/0
57/10/.95/L1 7.717 362. 2.1/2.64 307128 0.35/120 0.14 / 302.

57110/3.5/L1 5.0/ 330. 147182 20/119 022/1.09 0.08 / 277.
57/10/.95/82 7.1/ 375. 1.8/236 30/133 0.33/1.26 0.08 / 313.
57/10/.95/1.2 6.8 / 352. 1.8/233 287125 0.31/1.17 0.10/294.
57/110/3.5/L.2 3.51/31s5. 09/1.34 1.5/11.6 0.16 / 1.06 0.04 / 265.
114/10/.95/82 1.1/ 301. 0.02/.76 0.05/ 140 0.02/1.31 0 /123
114/10/.95L.2 4217322 09 /1.82 0.85/142 0.25/1.35 021/138
114/10/3.5/L.2 3.0/ 290. 07 /138 0.59 /13.2 0.17/71.24 0.15/123

Format: 10,000 / 100,000
Normalized to 40 CFR 191 Table 1

! §1 = Stahl Failure Model; corrosion initiation is saturation dependent.
S2 = Stahl Failure Model; corrosion initiation is temperature dependent.
L1 = Lamont Failure Model; corrosion initiation is saturation dependent
L2 = Lamont Failure Model; corrosion initiation is temperature dependent
2 No releases due to no container failures.
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Figure 2-1. Repository Panel Conceptualization (Plan View)
2-62



27 5

9

-
-
-
| SO - —
—_ 50+ PTn -
E : ---------------------------- - et
~ 100
0 -
T -
A 200 :— ----- .
g 250 -
o 300} TSw2 ‘tory -
5 C ',-Repésutory -
z 90 TSw3
o S S ‘
w 400 I_-.---.---.-.-.-- EEEEIEEEEEEY -
® g '\\_ -
£ 450} CHnv
§ i CHnz
a 500
SSOF‘““""“'T;‘H; """""""
Figure 2-2. Repository Panel Conceptualization (Cross-Section) -

2-63



3557

91 275

2//////‘/’//“//V//‘///“//“4‘///“0"0‘%‘/0“0%"0“0“0“////////0“0’////%‘/0/
»»2g»%»»\z»z»:»\zw»wwwww» NI
z&/,%:/.»,»?z»»/»\&za&»\z&»&&&&&&&&»w»w

>>\¢>f\g>>¥>>>>\>/>\>/>\\/>»>é&@&&»&&»&»&%%ﬁww
>;\>,>}/>\\>,>§2>>/>\\7>%>\>/>\>»/>§/>§/>“»/>?ﬁ& A IO
>,>>,;>>,>>>>\éﬁ>/>%>»\,>>?;>>>\’»\»§>>>&%>\>» s P2 e,
NG S I NG T LR
AN PN, N ]
>§>/>%>\>2,>\>2»> % NI o~

o

, L D)
L danamanangy
IR L ?’»?»%%%\%%%%WW»&%&
S Edge of DO 202 %WW»&&&;@
RO R LGl L ,
B

AT I LRI,

% NN $
PN AR

IR, ORI

»&§&§&%§&%% 2. Outer Container &&&
AR o Sverpase A,
TN , (10745 cm) O
I A inner Container XX
N 3}%}\2\2&?};\ ‘, )\g/ (0.95-3.5 cm) >:>> 7
DRI 0 SR /' (a éﬁ&ﬁﬁ&y&%/y

4
4

SRR s R, ;

S O B N N NN o
R AL R 4 S E
AR A Py B Relsase (090 P 0
>\\"’>§)}% SR vert ‘///'/}‘/>\>/>\/> . ‘E\§Si:::g:r§\t\>\>/>%y/>§&§/>§c
N A O N R R
O e, RLLLL
B AL % R L L
UL \\’/>>\7/\\>2>>/>\>>>\'/>\>/>\>»\2&f>*§ LU LG
S e RN L e
N N0
B O O UL
R AN
N N R A NGB8
>§v»»»?é>>>2/\\>>)>/%\%\Z/&»\'»%%%3\»/>§/>\\'2/~>\'/>>\’/>\>)>>»\7>/>2/>2/>\§/>§§/>¥>z

SOENNNS NN OO0 \\%\,%x%\\ NN NN

Figure 2-3. Waste Package/Engineered Barrier System Schematic
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Figure 2-4. Dry Oxidation Penetration Depths (Stahl, 1993)
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Figure 2-5. Pitting Corrosion Penetration Depths (Stahl, 1993)
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Quadratic Fit of Lamont General Corm.
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Figure 2-6.

Quadratic Fit of Penetration Rates for General Aqueous Corrosion

(Lamont, 1993)
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[Select Thermal Load|

Define Temperoture, Soturation, and
Flux for each Waste Package Group

#

Select Failure Model Abstraction
(Stahl or_Lamont)

Select Method 